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Abstract 
The serpentinite mélange at Port Macquarie hosts an assortment of island-arc and accretionary complex 
rocks including chert, shale, felsic to ultramafic dykes and high- pressure, low-temperature (HP/LT) 
blueschist facies rocks that together represent a dismembered ophiolitic sequence. Rare blocks of 
blueschist conglomerate from Rocky Beach reported for the first time here contain felsic, basaltic and 
pelitic clasts, within an arkose matrix. Dominant assemblages in both the clasts and matrix established 
through petrography and geochemistry are glaucophane + phengite + alkali feldspar ± lawsonite ± chlorite 
± pyroxenes ± hornblende. The coexistence of glaucophane and lawsonite confirms that this 
conglomerate underwent HP/LT blueschist facies metamorphism. 
Due to the low metamorphic temperature (<400˚C) overgrowths did not develop on the protolith zircons 
therefore a direct age of metamorphism was not obtained. Nonetheless the U-Pb zircon dates presented 
in this thesis help to resolve an ongoing controversy over an Ordovician or younger Palaeozoic age of 
metamorphism. The sample of blueschist conglomerate gave a small yield of zircons with variable 
rounding and pitting associated with abrasion within sedimentary systems. This morphology highlights 
the detrital nature of the zircons, therefore allowing the maximum age of metamorphism to be 
established by the youngest detrital grain. U-Pb zircon ages range from Archean (2936 ± 14 Ma) to 
Carboniferous (343 ± 8 Ma). These results constrain the maximum age of metamorphism to be less than 
343 ± 8 Ma, revealing a much younger HP metamorphic event than the Ordovician 470 Ma age obtained 
through K-Ar dating of phengite micas, a technique prone to giving excessive ages due to retention of 
radiogenic argon in HP/LT metamorphic rocks. 
These results are compatible with a tectonic model for the eastern margin of Gondwana which 
incorporates periods of accretion and “Andean-type” magmatism with episodic events of island-arc 
collisions (Gympie terrane). A possible interpretation using this model is that this Carboniferous detrital 
zircon came from the erosion of material from a Carboniferous continental arc to the west. Following 
which it was deposited into the fore-arc basin and trench as a deep marine, mass-flow deposit before 
being subducted and subjected to blueschist facies metamorphism. These blueschist conglomerates 
were exhumed rapidly as serpentinite diapirs prior to or during the docking of the Gympie terrane onto 
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The serpentinite mélange at Port Macquarie hosts an assortment of island-arc and 
accretionary complex rocks including chert, shale, felsic to ultramafic dykes and high-
pressure, low-temperature (HP/LT) blueschist facies rocks that together represent a 
dismembered ophiolitic sequence. Rare blocks of blueschist conglomerate from Rocky Beach 
reported for the first time here contain felsic, basaltic and pelitic clasts, within an arkose 
matrix. Dominant assemblages in both the clasts and matrix established through petrography 
and geochemistry are glaucophane + phengite + alkali feldspar ± lawsonite ± chlorite ± 
pyroxenes ± hornblende. The coexistence of glaucophane and lawsonite confirms that this 
conglomerate underwent HP/LT blueschist facies metamorphism.   
Due to the low metamorphic temperature (<400˚C) overgrowths did not develop on the 
protolith zircons therefore a direct age of metamorphism was not obtained. Nonetheless the 
U-Pb zircon dates presented in this thesis help to resolve an ongoing controversy over an 
Ordovician or younger Palaeozoic age of metamorphism. The sample of blueschist 
conglomerate gave a small yield of zircons with variable rounding and pitting associated with 
abrasion within sedimentary systems. This morphology highlights the detrital nature of the 
zircons, therefore allowing the maximum age of metamorphism to be established by the 
youngest detrital grain. U-Pb zircon ages range from Archean (2936 ± 14 Ma) to 
Carboniferous (343 ± 8 Ma). These results constrain the maximum age of metamorphism to 
be less than 343 ± 8 Ma, revealing a much younger HP metamorphic event than the 
Ordovician 470 Ma age obtained through K-Ar dating of phengite micas, a technique prone 
to giving excessive ages due to retention of radiogenic argon in HP/LT metamorphic rocks.  
These results are compatible with a tectonic model for the eastern margin of Gondwana 
which incorporates periods of accretion and “Andean-type” magmatism with episodic events 
of island-arc collisions (Gympie terrane). A possible interpretation using this model is that 
this Carboniferous detrital zircon came from the erosion of material from a Carboniferous 
continental arc to the west. Following which it was deposited into the fore-arc basin and 
trench as a deep marine, mass-flow deposit before being subducted and subjected to 
blueschist facies metamorphism. These blueschist conglomerates were exhumed rapidly as 
serpentinite diapirs prior to or during the docking of the Gympie terrane onto Gondwana at 
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1 OVERVIEW  
1.1 INTRODUCTION  
The Port Macquarie Block located on the mid north coast of New South Wales is 
important due to the presence of rare coastal exposures of high-pressure, low-temperature 
(HP/LT) metamorphic rocks.  This block superficially resembles a complex, dismembered 
ophiolite series with metamorphic grades ranging from prehnite-pumpellyite through to 
blueschist and eclogite facies (Roberts et al. 1995; Nutman et al. 2013; Buckman et al. 2015). 
The dominant lithologies include red ribbon-bedded chert, pillow basalt, shale, brecciated 
basic extrusive rocks, gabbro, peridotite, layered sedimentary rocks and HP/LT metamorphic 
rocks. These lithologies formed during the Palaeozoic and amalgamated into a subduction 
complex along eastern Gondwana, now eastern Australia. Evidence of the subduction 
processes responsible for this crustal growth are indicated by the presence of these rare 
HP/LT metamorphic blueschist and eclogite facies rocks (e.g. Barron et al. 1975; Leitch 
1980; Och et al. 2003; Och 2007a, Och et al. 2007b; Nutman et al. 2013).  
This thesis presents detailed petrology, mapping and interpretations of blueschist facies 
conglomerate blocks contained within the serpentinite mélange at Rocky Beach. The 
geological context of the blueschist conglomerate is detailed through outcrop mapping 
undertaken at Rocky Beach. Standard petrographic observations are provided as a descriptive 
background with mineral and whole rock geochemical analyses and zircon U-Pb dating.  
The focus of this thesis is on a recently discovered block of blueschist facies 
conglomerate from Rocky Beach, Port Macquarie. This newly recognized blueschist 
conglomerate provides the opportunity to help resolve controversy over the timing of high-
pressure, low-temperature (HP/LT) metamorphism within the Port Macquarie area. Detrital 
zircons from this conglomerate constrain the maximum age of metamorphism of these HP/LT 
metamorphic rocks (Ordovician, post mid Carboniferous or even Permian). This age of 
metamorphism has important ramifications for the development of the Palaeozoic 




1.2 STUDY AREA  
Rocky Beach is located within the Port Macquarie area, approximately 400 km north of 
Sydney on the mid north coast of New South Wales. Port Macquarie forms a portion of the 
Port Macquarie Block located within the eastern New England Fold Belt (Figure 1-1). 
 
Figure 1-1: Geological map of the Southern New England Orogen (NEO), its location in relation to Australia 
(left inset) and the locations of the main belts and blocks within the NEO (right inset). The eclogite-blueschist 
locations are highlighted with a blue start with the Port Macquarie area being the furthest blue start to the right 




The length of Rocky Beach is 430 m and consists of rocky crags with intervening small 
beaches and patches of coarse sand and gravel. The majority of the exposed rocks have been 
severely deformed due to a number of superimposed events; five according to Barron et al. 
(1975) or four according to Och et al. (2003), which along with pervasive low-temperature 
metamorphism has severely altered the protolith structure and composition of the majority of 
rocks. Due to the extensive deformation and alteration these rocks have been classified as the 
Rocky Beach Metamorphic Mélange (Och et al. 2007b). Embedded within this mélange are 
unique exposures of high-pressure, low-temperature (HP/LT) subduction related rocks.  
1.3 GEOLOGICAL SETTING  
1.3.1 Regional Setting  
1.3.1.1 Eastern Margin of Gondwana  
The Neoproterozoic continental rifiting of Rodinia resulted in the formation of the 
eastern margin of Gondwana and the opening of the Paleo-Pacific (Panthalassan) Ocean 
(Figure 1-2, Cawood et al. 2011; Buckman et al. 2015). From the late Neoproterozoic, the 
western Paleo-Pacific became the site of convergent plate boundaries, resulting in the 
assortment of Gondwanan margin suprasubduction complexes and exotic terranes that are 
preserved within the New England Orogen (NEO; Barron et al. 1975; Cawood et al. 2011; 
Buckman et al. 2015).  
 
Figure 1-2: Simplified lithotectonic map highlighting relationships between the Paleo-Pacific Ocean, eastern 
Gondwanan margin and New England Orogen. The pink and green areas convey material with origins from 
Gondwana, the purple represents Neoproterozoic collisional belts and the blue in the top right corner highlights 




Thus along the eastern margin of Gondwana, terrane accretion and plate 
converengence resulted in multiple Cambrian to Triassic orogenic events (Leitch 1980; 
Cawood et al. 2011; Buckman et al. 2015). These orogenic events can be divided into two 
stages; the Tablelands stage (305-270 Ma) followed by the Hunter-Bowen stage (Cawood et 
al. 2011). The Tablelands phase is associated with the emplacement of S and I type granites, 
extension and associated sedimentation, followed by widespread compressive deformation 
and metamorphism (Cawood et al. 2011). The younger Hunter-Bowen phase is characterised 
by compressive deformation, silicic magmatism and metamorphism (Cawood et al. 2011). 
1.3.1.2 New England Orogen (NEO)  
The New England Orogen (NEO) is the youngest, easternmost constituent of the 
Tasmanide orogenic belt extending along eastern Australia from Townsville to Newcastle 
(Figure 1-1; Mochales et al. 2014; Rosenbaum et al. 2012). This area is composed of Early 
Cambrian to Late Triassic magmatic subduction/arc related rocks emanating from 
suprasubduction settings assembled at Gondwana’s eastern margin (Glen 2013; Harrington & 
Korsch 1985; Rosenbaum et al. 2012).  The focus of this thesis will be the Southern New 
England Orogen. 
1.3.1.3 Southern New England Orogen  
The Southern NEO is divided into several major blocks, with debate surrounding the 
origins. These include: the Central Block, Nambucca Block and the Port Macquarie Block, 
with the latter being the focus of this research. The Tamworth Belt and Tablelands Complex 
form two other important geological regions of the NEO which are separated by the steeply 
eastward-dipping Peel-Manning fault (Figure 1-1). Leitch (1974) refers to west of the Peel-
Manning Fault System (PMFS) as Zone A with the eastern side referred to as Zone B. Age 
data indicates these sequences formed coevally despite their vast differences in character, 
which is interpreted to be due to the presence of an ancient subduction zone (Cawood 1983). 
Zone A is comprised of Early-Mid Palaeozoic clastic sedimentary rocks in thick sequences 
which accumulated within a subsiding fore-arc marine basin with close association with a 
magmatic arc that is locally exposed to the west (Cawood 1980). The successions within 
Zone B are a series of chaotically deformed rocks which have undergone higher grades of 
metamorphism and are regarded as containing accretionary wedge-trench assemblages 




The current consensus is that the Southern NEO was part of an ancient eastern 
convergent boundary which always experienced Palaeozoic west-dipping subduction 
(Cawood 1983).  The assumption of a convergent tectonic setting stems from the presence in 
a west to east trend of a continental margin arc, fore arc basin (Tamworth Belt) and 
accretionary wedge (Tablelands Complex; Korsch et al. 2009).  Many researchers have 
regarded this westerly directed subduction system at the eastern edge of Gondwana as a long-
lived feature throughout the Palaeozoic (Leitch 1974, 1975; Cawood 1980; Cawood 1983). 
However more recently it has been proposed that there may have been singular events which 
introduced allochthonous terranes onto the edge of Gondwana and may have been linked with 
changes in subduction polarity (Aitchison et al. 1992; Aitchison & Flood 1994; Stratford & 
Aitchison 1996). 
1.3.1.4 Tectonic Evolution of the NEO 
The tectonic evolution of the NEO is driven by Devonian to Carboniferous west 
dipping subduction (Cawood et al. 2011, Hoy et al. 2014). The Devonian-Carboniferous 
suprasubduction zone units comprise of the Tablelands Complex (accretionary complex), 
Tamworth Belt and Hastings Block (fore-arc basin rocks) with the volcanic arc lying further 
to the west (Hoy et al. 2014; Roberts and Engel 1987).  According to some reserachers, the 
second stage of the NEO formation is characterised by Early-Mid Permian oroclinal bending, 
possibly with a hiatus of magmatism (Hoy et al. 2014; Katzir et al. 2000). It has been 
proposed that easterly subduction rollback lead to the the formation of an orocline which can 
explain the periods of magmatism interspersed with a hiatus (Cawood et al. 2011; Collins and 
Richards 2008; Rosenbaum et al. 2012).  A tract of Early Permian granitoids (298-288 Ma) 
trace this proposed orocline signifying that granite emplacement was before or during the 
formation of the oroclines (Rosenbaum et al. 2012). The oroclinal bending concluded prior to 
the formation of the New England Batholith during the Late Permian to Triassic (260-220 
Ma), seen through crosscuting of the batholith (Hoy et al. 2014; Katzir et al. 2000).  
 
The final stage of magmatism and contractional deformation occurred during the Late 
Permian to Early-Mid Triassic as a result of the recommencement of subduction (~250 Ma; 
Cawood et al. 2011; Hoy et al. 2014). As a consequence an Andean arc setting formed, 
generating calc-alkaline volcanism resulting in I-type granitoid emplacement forming the 
New England Batholith (Cawood et al. 2011; Hoy et al. 2014). Subduction was terminated by 




(Cawood et al. 2011; Nutman et al. 2013; Rosenbaum et al. 2012). This period of 
deformation was contractional in an E-W direction (Rosenbaum et al. 2012).   
1.3.1.5 Tectonic models for the formation of the NEO  
The formation of the NEO has been a contentious topic of debate for many decades with 
new models of formation continuously being created. Early tectonic models proposed 
continuously west dipping subduction within an Andean continental margin (Leitch 1974, 
1975; Cawood 1980, 1983). Following this interpretation Aitchison (1988) and Aitchison et 
al. (1992) suggested that the NEO was an exotic terrane that was superimposed during the 
Carboniferous onto the Gondwanan margin. This theory was extended to multiple episodic 
subduction zones all dipping towards the west by Scheibner (1973) however, Scheibner’s 
theory was quickly challenged by Leitch (1975) who suggested a single subduction zone 
dipping towards the west. As a result of ongoing research and new ideas it is generally agreed 
upon that oceanic lithosphere was subducted beneath eastern Gondwana thus forming a 
subduction zone. Controversy remains over the polarity and mechanism of subduction with 
the two main theories explained below, using the Macquarie Arc as an example of an exotic 
terrane (Aitchison & Buckman 2012).  
 
i) Retreating Accretionary Orogeny model (Cawood et al. 2011; Rosenbaum et al. 
2012).   
 
Continental growth along the Gondwanan eastern margin has been widely accepted to 
have formed as a consequence of a convergent, accretionary plate margin with consistent 
westerly-dipping subduction of the paleo-Pacific (Panthalassic) oceanic lithosphere at or near 
the Gondwanan margin (Cawood et al. 2011). This model seen in Figure 1-3 (left image) 
highlights alternating periods of extension and compression relating to decoupling and 





Figure 1-3: The differences between the retreating accretionary orogeny model (Accordion tectonics; left) and 
the subduction flip model (Quantum tectonics; right; Aitchison and Buckman 2012) 
 
ii) Subduction flip model: Quantum Tectonics (Aitchison and Buckman 2012)  
An alternative model to the widely accepted retreating accretionary orogeny model 
proposes changes in subduction polarity (Aitchison and Buckman 2012). This model seen in 
Figure 1-3 (right image) highlights a period where subduction flips, causing jamming of the 
subduction zone which has resulted in the Macquarie arc being obducted from offshore onto 
the edge of Gondwana (Aitchison and Buckman 2012). 
1.3.2 Local Setting: Port Macquarie Block 
1.3.2.1 Port Macquarie Serpentinite Mélange 
The Port Macquarie Serpentinite Mélange collectively refers to eight masses of 
serpentinite distributed across the Port Macquarie area (Nutman et al. 2013; Och et al. 
2007b). Basaltic and felsic dykes intruding into this unit locally display intermingling with 
the serpentinite suggesting the emplacement of these dykes was synkinematic with the last 
movement of the serpentinite (Buckman et al. 2015). A study conducted by Buckman et al. 
(2015) dated zircons within the felsic and mafic dykes as well as within volcaniclastic 
sandstone within the serpentinite, yielding ages of 247 ± 20 Ma (Triassic) and 455 ± 10 Ma 
(Upper-Mid Ordovician) respectively. These ages imply that tectonism occurred within the 
serpentinite until the Early Triassic, giving the youngest possible age for the latest stages of 
serpentinite emplacement.  
1.3.2.2 Rocky Beach blueschists and eclogites  
The occurrence of HP/LT metamorphic rocks at Port Macquarie remains the only 




outcrops of metamorphic rocks comprise around 20% of the mélange with the remaining 80% 
consisting of less metamorphosed lithologies such as pillow basalts with a MORB (Mid 
Ocean Ridge Basalt) composition and intermediate calc-alkaline intrusions (Och et al. 
2007b). The HP/LT metamorphic rocks are variably foliated with areas of planar folding. The 
main assemblage of the blueschist facies rocks, the focus of this thesis, is glaucophane + 
phengite + garnet +/- lawsonite +/- albite + titanite + pyrite (Nutman et al. 2013). The 
integration of the Rocky Beach Metamorphic Mélange within the Port Macquarie 
Serpentinite Mélange is described by Och et al. (2003) as a ‘mélange within a mélange’ 
which has in turn intruded the Watonga Formation.  
1.3.2.3 Watonga Formation  
The basalts, cherts and volcaniclastic sedimentary rocks of the Watonga Formation 
have been extensively isoclinally folded and sheared, destroying most stratal continuity, and 
in keeping with their involvement within an accretionary complex (Buckman et al. 2015; Och 
et al. 2007b). A deep marine, ocean floor environment is indicated by pillow basalts being 
overlain by ribbon bedded chert containing only minor volcaniclastic material and no 
limestone (Buckman et al. 2015). Overlying these basalts are the volcaniclastic sedimentary 
rocks including immature greywackes with little or no quartz and containing abundant 
basaltic lithic fragments and feldspar.  This highlights an origin within a juvenile volcanic arc 
environment (Buckman et al. 2015; Dickinson and Suczek 1979).  An age of around 335-
355Ma (Carboniferous) has been ascribed to the immature greywackes of the Watonga 
Formation through dating of detrital zircons (Buckman et al. 2015). However, more cherty 
parts are Ordovician-Silurian in age as dated through conodonts (Och et al. 2007c). These 
cherts are intruded by the Devonian Tacking Point Gabbro (Buckman et al. 2015; Nutman et 
al. 2013).   
1.3.2.4 Tacking Point Gabbro  
The Tacking Point Gabbro is a weakly deformed polyphase intrusion of leucogabbro, 
tonalite and hornblende bearing gabbro (Buckman et al. 2015; Nutman et al. 2013; Och et al. 
2007b).  It displays a juvenile island arc geochemical signature and it has a U-Pb zircon age 




1.4 SUPRASUBDUCTION SETTING  
The Port Macquarie HP metamorphic rocks consist of a range of lithologies derived 
from a suprasubduction setting proximal to the eastern margin of Gondwana (Nutman et al. 
2013). Some lithologies will have been recycled rapidly down-slope from the volcanic arc. 
While other lithologies will be a consequence of turbiditic sediment (e.g. Bengal Fan 
sediment has reached the trench off Sumatra; Patton et al. 2013) which has been sourced 
from more remote continental regions laterally along the trench. Other lithologies will be 
purely oceanic (e.g. cherts, MORB crust, volcanic seamounts; Patton et al. 2013). 
1.5 AIMS AND OBJECTIVES  
The aim of this thesis is to describe, map, date and interpret high-pressure, low-
temperature (HP/LT) metamorphic rocks located on the NSW coast at Port Macquarie. 
Detailed mapping and petrography of blueschist blocks contained within the serpentinite 
matrix mélange provide important mineralogical information to constrain the temperatures 
and pressures experienced by these rocks subducted near the Gondwanan margin during the 
Palaeozoic.  
The age of these rocks however, is controversial and difficult to establish due to their 
complex history of protolith formation at or near Earth’s surface before being subducted and 
metamorphosed into blueschist or eclogite facies metamorphic rocks. This process can reset 
some isotopic systems such as K-Ar but not always others like U-Pb in zircons due to their 
higher closure temperatures of around 1000˚C (Blackburn et al. 2011). Detrital zircons in 
metamorphic protoliths can provide important constraints on provenance information relating 
to the protolith. Furthermore, detrital zircons unaffected by metamorphism will provide the 
maximum age of metamorphism as they existed before subduction and metamorphism of the 
protolith rock. Following this logic this thesis will examine and date zircons extracted from a 
blueschist conglomerate found within the Port Macquarie Serpentinite Mélange by Professor 
Allen Nutman during an undergraduate field trip to Port Macquarie. Constraining the age of 
metamorphism has important ramifications for the development of the Palaeozoic 
accretionary orogen in the eastern margin of Gondwana. 
  At present there is controversy over the age of the HP/LT metamorphism at Port 




using K-Ar dating of glaucophane from a schist inclusion. Following this Fukui et al. (1995) 
proposed an Ordovician (470 Ma) age through K-Ar dating of phengite micas within 
blueschists. Recently Nutman et al. (2013) constrained the timing of HP/LT metamorphism 
via zircon U-Pb dating. Although they did not obtain any metamorphic zircon ages, they did 
reveal the presence of many Carboniferous and just a few Permo-Triassic (~251 Ma) detrital 
zircons. This implies that the maximum age of metamorphism can in inferred from the 
youngest detrital zircon population. Hence metamorphism was placed at definitely syn-post 
Carboniferous, and possibly as late as the Permian-Triassic boundary. In order to achieve the 
overall aim, this project is broken down into the following achievable objectives:  
1) Map, describe and characterise the blueschist conglomerate at Rocky Beach, Port 
Macquarie.  
2) Constrain the age of blueschist conglomerate metamorphism using zircon U-Pb 
dating.  
3) Constrain the tectonothermal setting of these HP/LT metamorphic rocks  
1.6 SIGNIFICANCE  
This thesis will attempt to provide insights into the evolution of the Port Macquarie 
area and by extension the New England Orogen. It will provide more age data that will help 
constrain the timing of metamorphism of these HP/LT metamorphic rocks which may have 
potential implications for plate tectonics/geodynamic scenarios proposed for the study area. 
Additionally this thesis will present detailed petrographic and geochemical analyses for the 











Prior to the plate tectonic revolution, blueschists were considered an enigma for 
geologists worldwide as they had undergone the high pressures of deep burial but not the 
high temperatures associated with that depth (Wintsch 1986). Additionally their exhumation 
from these depths puzzled geologists as somehow the blueschists showed limited evidence of 
retrogression into greenschist facies, thus indicating a very rapid exhumation (Wintsch 1986).  
The drawn out mystery of blueschists origin, formation and exhumation can in part be 
attributed to their limited exposure. Worldwide there are only a handful of locations where 
these enigmatic blueschists can be studied including California (Ernst 1971; Saha et al. 2005; 
Ukar 2012), the Alps (Ernst 1971; Hoinkes et al. 1999), Japan (Ernst 1971; Tsujimori & Itaya 
1999; Ishiwatari & Tsujimori 2003), Chile (Herve et al. 1974; Halama & Konrad-Schmolke 
2015) and Port Macquarie (Barron et al. 1975; Och 2007a, Och et al. 2007b; Nutman et al. 
2013).  
Therefore in order to understand these perplexing metamorphic rocks this chapter is 
focused on creating a background into the previous literature, research and ideas surrounding 
high-pressure, low temperature (HP/LT) metamorphism which leads to the formation of 
blueschists.  
2.2 SUBDUCTION ZONES 
The characteristic domain for blueschist metamorphic assemblages is solely within the 
upper parts of subduction zones. As oceanic crust spreads away from oceanic ridges it 
progressively cools reaching its lowest temperature before it is subducted and recycled into 
the mantle (Mason 1990). Oceanic crust can be subducted when it has cooled sufficiently 
becoming denser than the underlying mantle. Because the rate of subduction exceeds thermal 
diffusion, subducted oceanic crust forms a ‘cold finger’ pointing into the mantle, giving rise 
to the characteristic HP/LT metamorphic assemblages of blueschist facies (Figure 2-1; Mason 
1990). Within the suprasubduction zone mantle wedge there is a region of relatively high 
temperature, which when partially melted gives rise to the magmatic arc, with its contrasting 






Figure 2-1: Cross section of a subduction zone showing isotherms highlighting a relatively small increase in 
temperature within the oceanic plate when compared to the continental lithosphere (Mason 1990). 
 
Glaucophane is the characteristic blue, high Na-Al amphibole that gives blueschists 
their name. The coexistence of glaucophane and lawsonite is the key diagnostic assemblage 
for the lowest temperature regime of HP/LT metamorphism (Suk 1983). This is because 
lawsonite becomes unstable above 450°C (Mason 1990; Suk 1983; Winter 2010). The 
metamorphic rocks which contain both glaucophane + lawsonite in equilibrium indicate that 
they have undergone the lowest temperature regime of blueschist facies metamorphism. This 
assemblage is therefore not only diagnostic of subduction, but provides the potential to date 
glaucophane by Ar-Ar geochronology affording the possibility of dating the subduction 
event.   
Port Macquarie is regarded as an incomplete, dismembered record of an oceanic-
continental subduction zone (Figure 2-2), in which the oceanic lithosphere of the paleo-
Pacific (Panthalassic Ocean) was subducted beneath the eastern margin of Gondwana (e.g. 
Aitchison & Buckman 2012). Metamorphic rocks which have undegone blueschist and 
eclogite facies metamorphism are found within Port Macquarie, which is one of the only 





Figure 2-2: A proposed model of subduction which illustrates the subduction processes leading to the formation 
and exhumation of high-pressure, low-temperature metamorphic rocks. (HSW: Hydrated Mantle Wedge, HSM: 
Hydro thermalized Slab Mantle; Agard et al. 2009)  
2.3 SERPENITNITE MÉLANGES 
Serpentinite mélanges hold great significance as they can expose material from the 
upper mantle and are often the primary host of high grade metamorphic rocks (Fryer 1992). 
Their formation has been narrowed down to three main mechanisms; thrust related, the 
mixing of the lower and upper plate assemblages within the subduction channel and diapirism 
(Marschall and Schumacher 2012).   
Due to the assortment of lithologies within the Port Macquarie Serpentinite Mélange 
the serpentinite is interpreted to have formed as a result of a diapir whereby the mélange 
forms at the interface between the mantle and subducting slab. This low density mélange will 
rise buoyantly (as diapirs) to the surface while simultaneously ripping out material from both 








2.4 FORMATION OF HIGH-PRESSURE, LOW-TEMPERATURE 
(HP/LT) METAMORPHIC ROCKS  
The conditions within subduction zones are precursors for regional metamorphism 
which triggers the formation of HP/LT metamorphic rocks (Philpotts & Ague 2009). The 
foundering of a cold, dense ‘finger’ of oceanic crust into the hotter, less dense upper mantle is 
the reason that HP/LT blueschist facies form. These HP/LT rocks must be rapidly exhumed 
to avoid recrystallisation into low-pressure (LP) amphibolite or greenschist facies 
assemblages on their journey to the surface and the subsequent loss of information regarding 
the subduction setting (Agard et al. 2009; Escuder-Viruete & Pérez-Estaún 2013; Kleine et 
al. 2014).  
Despite rapid exhumation, blueschists often display prevalent retrogression to varying 
degrees (Kleine et al. 2014). If present, garnet will breakdown to chlorite while 
tremolite/actinolite and albite will develop from the breakdown of the glaucophane (Spandler 
et al. 2003; Winter 2010). This retrogression impedes recovering reliable information on the 
HP events (Spandler et al. 2003).     
2.5 HP/LT METAMORPHISM: BLUESCHIST FACIES  
HP/LT phases, known as blueschist facies are characteristically a blue colour derived 
from the presence of glaucophane, a sodium-rich amphibole (Mason 1990; Philpotts & Ague 
2009). The varying shades of blue of the glaucophane can be attributed to the amount of Na 
within the chemistry of the glaucophane mineral, the more Na the darker the shade of blue 
(Mason 1990; Philpotts & Ague 2009). The breakdown of the albite component of 
plagioclase via glaucophane producing reactions releases sodium (Na), which is stored within 
sodic amphiboles i.e. glaucophane (Winter 2010). This breakdown of albite, marking the 
beginning of the transition into blueschist facies can be defined by several reactions 
(Equations 1, 2 & 3; Winter 2010). Glaucophane is produced as opposed to hornblende or 
tremolite as the coupled replacement in amphiboles of calcium (Ca) + magnesium (Mg) by 






Tr + Chl + Ab = Gln + Ep + H2O                                                                                                    Equation 1                                                                   
Tr + Chl + Ab = Gln + Lws                                                                                                             Equation 2                                                                            
Pmp + Chl + Ab = Gln + Ep + H2O                                                                                               Equation 3                                                                
(Mineral Abbreviations Tr: Tremolite, Chl: Chlorite, Ab: Albite, Gln: glaucophane, Ep: epidote, Lws: lawsonite, 
Pmp: Pumpellyite) 
If bulk rock compositions are not suitable then glaucophane will not appear as a 
diagnostic mineral. Another index mineral for HP/LT metamorphism is lawsonite a hydrated 
silicate of Al and Ca which is only stable in blueschist facies conditions of high-pressure and 
low-temperature (Mason 1990; Suk 1983; Winter 2010). These high-pressure conditions are 
also indicated through the breakdown of albite to form jadeitic pyroxene and quartz 
(Equation 4;  Winter 2010).  This reaction is one of the most important reactions for 
deciphering pressure-temperature (P-T) paths of high-pressure metamorphic rocks (Winter 
2010).   
NaAlSi3O8 (ALBITE)  = NaAlSi2O6 (JADEITE) + SiO2  (QUARTZ)                                                          Equation 4                                                                                                     
 
2.6 BLUESCHIST FACIES PROTOLITHS  
Additional information into the conditions within the subduction environment are 
exposed through determination of the protoliths of these blueschist facies assemblages 
(Katzir et al. 2000). Protoliths can include basalts, sediments and gabbros with the best 
developed, diagnostic assemblages being derived from basic igenous rocks (Dobretsov 1991). 
However, pelitic protoliths are still quite common including graywackes originating from 
either the continental margin or proximal arcs, deep sea pelagic sediment or from seamounts 
(Mason 1990; Philpotts & Ague 2009). Limestones might also be present, derived from either 
the continental shelf or from seamounts. This thesis will examine the inventory of protoliths 





2.7 PRESSURE-TEMPERATURE (P-T) PATHWAYS AND PEAK 
METAMORPHISM CONDITIONS OF HP/LT METAMORPHIC 
ROCKS  
Determining the P-T pathways for metamorphic rocks is challenging due to 
retrogression and poor mineral preservation in these fluid-rich, dynamic systems (Korsakov 
et al. 2010, Philpotts & Ague 2009). HP/LT metamorphic rocks have been categorised into 2 
possible P-T pathways by Ernst (1988) seen in Figure 2-3 A & B. Path A reveals a P-T path 
in which the blueschist is exhumed while remaining under HP/LT conditions. Path B results 
in the blueschist passing through the greenschist facies which may bestow rims of retrograde 
greenschist facies minerals around the HP/LT minerals (Ernst 1988)   
 
Figure 2-3: The identified P-T-t pathways of the major three facies of metamorphism are shown along with the 
steady state continental geotherm. A and B represent the two main P-T-t pathways of blueschists, greenschists 





3 GEOLOGY  
3.1 PREVIOUS WORK  
Barron et al. (1975) observed that the geology of Port Macquarie resembles a 
dismembered ophiolite suite with glaucophane-lawsonite facies metamorphic assemblages 
occurring within mélanges. The mineralogy of the glaucophane-bearing rocks reported by 
Barron et al. (1975) include sphene, carbonate, chlorite, albite, phengite, quartz, lawsonite, 
garnet, jadeite and omphacite. The rocks are generally foliated with the foliation being 
defined by glaucophane needles and shears and in some cases phengite plates. At Rocky 
Beach there is evidence of repeated syn-metamorphic deformation shown by glaucophane 
veins cross cutting foliated glaucophane, with Barron et al. (1975) postulating up to five 
pulses of deformation. Barron et al. (1975) concluded that tectonic activity brought these 
HP/LT rocks from mantle depths back to the surface. The tectonic activity resulting in the 
exhumation of not only the blueschists but also the greenschist facies rocks and the eclogites 
is indicative of a serpentinite diaper (Barron et al. 1975). As the serpentinite diaper erupted 
through the crust it would have ripped material from along the subduction slab and brought it 
to the surface resulting in a range of metamorphic grade lithologies. 
Och et al. (2003) describes the HP/LT metamorphic rocks at Rocky Beach as schistose 
glaucophane rocks composed of rutile, titanite, garnet, phengite, apatite, chlorite, actinolite, 
K-feldspar and calcite with the dominant minerals defining foliation(s) being phengite and 
glaucophane. Och et al. (2003) identified four episodes of metamorphism; M1: actinolite-
glaucophane-titanite-apatite, M2: almandine-omphacite-lawsonite-quartz, M3: phengite-
glaucophane-K-feldspar-quartz, and M4: chlorite-actinolite-quartz-calcite-titanite-white mica 
+/- albite and talc. It was interpreted that peak metamorphic conditions occurred during M2 
in which pressures in excess of 1.8 Gpa and temperatures of ~560˚C were experienced (Och 
et al. 2003). These highest temperatures were based on Fe-Mg cation-exchange thermometry 
of clinopyroxenes and garnets. However, Nutman et al. (2013) noted that the clinopyroxene-
garnet analyses presented by Och et al. (2003) could only be used to calculate apparent 
temperatures with a range of 300-900°C. Similarly Leitch (1980); Och et al. (2007b); Parker 
(2010); Line (2011) and Nutman et al. (2013) have all documented similar geological 
features at Rocky Beach and attribute them to subduction zone processes and the exhumation 




Geochemical analyses have been conducted on other samples of blueschist and eclogite from 
Rocky Beach by Och et al. (2007a). Och et al. (2007a) concluded that the blueschists were 
derived from a range of protoliths including sedimentary, basaltic and mafic igneous rocks. 
3.2 FIELD MAPPING  
Geological field mapping and sample collection was undertaken during April 2016 at 
Rocky Beach, Port Macquarie. Geological units were identified, contacts were delineated and 
further samples of the blueschist conglomerate were collected. The main aim of this 
fieldwork was to gain an understanding of the field context for the samples studied in the 
laboratory. The blueschist facies rocks are incorporated as phacoids within the Rocky Beach 
Metamorphic Mélange which hosts blocks from a wide range of igneous lithologies. Many 
different varieties of HP/LT metamorphic rocks exist along Rocky Beach including variably 
retrogressed massive blueschists, eclogites and rocks with alternating blueschist and eclogite 
facies layers and blueschist conglomerates. All the rocks have suffered variable and generally 
extensive regression to greenschist facies during exhumation. The blueschist conglomerates 
which are the focus of this thesis have incorporated other lithologies observed within the 
Rocky Beach Metamorphic Mélange. These lithologies along with the massive (mono-lithic) 
HP/LT metamorphic facies rocks have been documented to create a geological map (Figure 
3-1) highlighting the distribution of the HP/LT metamorphic facies blocks and placing them 
in their geological context.   
Field mapping was conducted using aerial maps produced at a 1:5000 scale of Rocky 
Beach obtained from ‘NearMap.com’ aerial images. The geological units are extremely 
deformed and variably weathered making protolith identification difficult. However despite 
this the geological units and relationships between units were recorded in the field through 
photographs, on maps and within field notebooks. This information was transposed into 
digital format using ArcGIS10.2 with a 2015 Land Property Information (LPI) satellite image 
as the base map. Using ArcGIS10.2 a geological map of Rocky Beach (Figure 3-1) was 
produced with polygons representing geological units, geological contacts highlighted with 
polylines and points to indicate the presence of veining. While field mapping additional 
samples of the blueschist conglomerate were located and collected with particular focus on 






Figure 3-1: Geological map of Rocky Beach,  Port Macquarie showing the extent of high-pressure, low-
temperature metamorphic rocks and surrounding geological units. The black numbers highlight the locations of 
laboratory XRF analyses.  




3.3 CONGLOMERATE DESCRIPTION  
The blueschist conglomerate is fine-grained and poorly sorted with clasts ranging in 
size from <1mm to 6cm. It is clast supported with very little matrix material and has 
undergone extensive deformation. Both the clasts and the matrix have been strongly 
metamorphosed to predominately glaucophane and chlorite. This indicates that HP/LT 
metamorphism was imposed on the entire conglomerate rather than HP/LT clasts being 
incorporated into a matrix after metamorphism. Therefore any age data obtained from  any of 
the clasts or the matrix of the conglomerate can be used to infer a maximum age of 
metamorphism.  
 
Following metamorphism the conglomerate was exhumed as fragments within the Port 
Macquarie Serpentinite Mélange through serpentinite diapirs. Serpentinite diapirs rapidly 
ascend to the surface coming up through the crust as a result of extension caused by 
subduction rollback (Figure 3-2). This rapid ascent allows the blueschist facies metamorphic 
rocks to retain their HP/LT mineralogy and avoid recrystallization into other grades of 
metamorphism. Following exhumation the unit was dismembered as a result of the Hunter-
Bowen Orogeny.  
sef 
Figure 3-2: Diagram representing the exhumation of serpentinite diapirs, as the subducting slab undergoes 
rollback this causes the overlying crust to undergo extension which allows serpentinite diapirs to rapidly rise to 





Figure 3-3: A) Photograph of the blueschist conglomerate block; B) A sliced section of the 




4 PETROGRAPHY AND SEM ANALYSIS 
4.1 INTRODUCTION  
Petrographic analysis provides vital insights into mineralogy, the degree of alteration, 
mineral relationships and their textures which assist in interpreting both whole rock 
geochemical data and temporal metamorphic evolution. Previous descriptions of the HP/LT 
metamorphic rocks at Port Macquarie have been documented by Barron et al. (1975), Leitch 
(1980); Och et al. (2003); Och et al. (2007b); Parker (2010); Line (2011) and Nutman et al. 
(2013).  EDS-SEM analyses were presented in conjunction with the petrographic analyses to 
affirm the interpretations made surrounding the mineralogy. Mineral abbreviations used 
within this thesis adhere to Whitney & Evans (2010) updated Kretz (1983) symbol system 
(Appendix A).   
4.2 METHODS  
4.2.1 EDS-SEM 
EDS-SEM analysis was conducted in order to examine sample structure, textures and 
to identify mineralogy within the thin section. EDS-SEM is a very useful tool used for 
geochemical analysis, complimenting petrographic images as it allows greater confidence 
when defining mineral phases (Goldstein et al. 2012).  EDS-SEM works through the 
emission of X-rays which are produced when a high intensity beam of electrons with a spot 
size of <5µm is focused on a sample. The X-ray emission spectra allow a localised 
determination of the chemical composition. Outputs include elemental raster maps which 
indicate spatially the relative abundance of a specific element (e.g. Ca) based on relative size 
of the diagnostic energy peak. This is extended to multiple elements on one map to create a 
layered compositional contrast map. Additionally the chemical composition of analysis sites 
can be provided.  
EDS-SEM analysis was conducted by and with the guidance of Dr Mitchell 
Nancarrow at the Australian Institute of Innovative Materials (AIIM), Innovation Campus, 
UOW. Six domains were analysed using a JEOL-JSM-6490LA scanning electron microscope 
with a X-maxn 80mm
2
 silicon drifted EDS detector.  Elemental raster maps, layered 
compositional contrast maps, elemental spectra’s and wt.% data (Appendix B) were produced 





Each thin section is described systematically and includes; i) An overview of the entire 
thin section and the location of petrographic images and EDS-SEM analyses, ii) Detailed 
mineralogical descriptions of the important features within the thin section, iii) Energy-
Dispersive Scanning Electron Microscopy (EDS-SEM) analyses (if performed) and iv) 
Interpretations gained through analysis of the thin sections. 
 Six double normal thickness (60μm) thin sections (PM1-6) were produced from the 
blueschist conglomerate block. Double thickness slides were created as opposed to normal 
thickness (30 μm) due to the fragile, brittle nature of the blueschist. The petrographic analysis 
was conducted on a Leica DM2500 petrographic microscope with a mounted digital camera 
for image acquisition.  
4.3 THIN SECTIONS 
4.3.1 PM1: Focus on a felsic clast 
  
Figure 4-1: Image of thin section PM1 conveying the overall layout of the thin section. The red square 
highlights the location of the EDS-SEM analysis while the yellow squares indicate where transmitted light 






Figure 4-2: Six transmitted light images conveying the mineralogy of thin section PM1; a) In the clast feldspar 
is being replaced by chlorite with minor occurrences of epidote; b) In the matrix acicular glaucophane is being 
altered by chlorite; c-f) Focus on main felsic clast, c) Relict feldspar phenocryst with surrounding glaucophane 
groundmass; d) Hornblende being altered to glaucophane and iron oxide with feldspar phenocrysts being 
replaced by glaucophane; e) Plagioclase being altered to epidote within a glaucophane-bearing matrix with 







Thin section PM1 hosts two felsic clasts (Figure 4-2 a, c-f) and displays a variety of 
glaucophane textures (Figure 4-2, b). The felsic clast on the right hand side of Figure 4-1 is of 
particular importance due to its large size. Within this clast the predominant composition is 
feldspars (alkali and relict plagioclase) with smaller amounts of chlorite, glaucophane, relict 
hornblende, minor occurrences of lawsonite and epidote but with no quartz observed. The 
groundmass of the clast is comprised of fine-grained feldspars with hornblende phenocrysts 
(Figure 4-2 d & f). This groundmass also contains feldspar phenocrysts (Figure 4-2 c & d) 
which are being broken down, often displaying glaucophane coronas (Figure 4-2 d). These 
phenocrysts are relict igneous textures which have been largely psuedomorphed by 
metamorphic assemblages. The scattered plagioclase and hornblende relict phenocrysts, fine-
grained matrix and no quartz indicate the sample is likely to be a diorite or leucogabbro, 
rather than a true granite or tonalite.  
Throughout both the felsic clasts and matrix of PM1 there is glaucophane and 
lawsonite, suggesting that HP/LT metamorphism affected the entire conglomerate, rather than 
the conglomerate simply containing clasts derived from high-pressure metamorphic rocks in 
a low-pressure matrix. The glaucophane is present with diverse textures which include: 
acicular, fine-grained and coarse-grained glaucophane. Cross cutting the glaucophane 





4.3.1.1 PM1 EDS-SEM 
 
Figure 4-3: Hornblende altered to glaucophane in a K feldspar matrix. The site of EDS-SEM analysis is marked 
with the yellow square.  
 
Figure 4-4: Layered EDS-SEM image of PM1 (A), Raster maps (B-G) highlighting minerals with high 








Minerals identified through EDS-SEM analysis are hornblende, glaucophane, 
lawsonite, titanite and apatite. Hornblende (Ca2 (Mg, Fe, Al)5 (Al, Si)8O22(OH)2) is in the 
centre of the field of view of Figure 4-3 and is identified through its optical microscopy 
properties and its high concentrations of Ca, Fe and Mg (Appendix B, Sample 56-60). 
Surrounding the hornblende as a corona is glaucophane (Na2(Mg3Al2)Si8O22(OH)2.), formed 
from the hornblende during HP/LT metamorphism. The glaucophane is identified through the 
the presence of Na in a ratio of 1.5-2 to 22 oxygens (Appendix B, Sample 51-55, 61-64). 
Evidence of HP/LT metamorphism is also indicated by lawsonite (CaAl2Si2O7 (OH)2.(H2O)) 
identified through high concentrations of Ca and Al (Appendix B, Sample 65-68). Other 
minerals confirmed by EDS-SEM analysis include titanite (CaTiSiO5) recognised due to the 
presence of Ti (Figure 4-4, D) along with Ca (Figure 4-4,  C, Appenix B, Sample 45-50) and 
apatite  (Ca5(PO4)3(F,Cl,OH)) identified by high P and Ca (Appendix B, Sample 69-71).  
4.3.1.2 Interpretation  
The coexistence of lawsonite and glaucophane confirms that the blueschist 
conglomerate underwent blueschist facies metamorphism, as lawsonite forms only at high 
pressures and low temperatures (<450°C) and thus is indicative of lowest temperature 
metamorphism (Mason 1990; Suk 1983; Winter 2010). Glaucophane also forms at HP/LT 
conditions and gives blueschist facies rocks their charcteritistic blue colour (Winter 2010). 
The amphibole glaucophane is stable (rather than hornblende or tremolite) as high-pressure 
minerals favour the coupled replacement of Ca and Mg by Al and Na (Mason 1990). The 
coexistence of lawsonite and glaucophane is featured in Figure 4-2 f,  and also throughout 
thin sections PM2-PM5.  This is in accordance with previous observations of blueschist 
facies rocks from Rocky Beach (e.g. Leitch 1980; Och et al. 2007b).   
 
The main felsic clast highlights that HP/LT metamorphism was superimposed on an 
igneous plagioclase + hornblende assemblage. Lawsonite developed as a replacement of the 
phenocryst hornblende (Figure 4-2 f) which shows that relict pre-HP/LT igneous mineralogy 
and texture is locally preserved in this clast. Preservation of igneous texture is probably 
largely a rheology contrast factor, with the relatively anhydrous and competent clast retaining 
its igneous texture and some of the relict mineralogy. The wet pelitic matrix around it flowed 
during deformation and was entirely recrystallised during HP/LT metamorphism. The alkali 
feldspar veins which cross cut all HP/LT metamorphic assemblages (e.g. glaucophane 




4.3.2 PM2: Focus on a basaltic clast  
 
Figure 4-5: Image of thin section PM2 which highlights the overall layout of the thin section. The red square 
indicates where the locations of the EDS-SEM analysis were and yellow squares indicate where transmitted 
light images were taken. 
 
 
Figure 4-6: Four transmitted light images conveying the mineralogy of PM2; a) The acicular nature of the 
glaucophane within the clast; b) Iron oxide in a phengite matrix with glaucophane developed on the fringe of 






4.3.2.1 PM2 EDS-SEM 
 
Figure 4-7: Petrographic image of the SEM analysis site. The image shows a psuedomorphed vesicle within the 




Figure 4-8: Layered EDS-SEM image of PM2; (A) Raster maps (B-G) highlighting minerals with high 





PM2 consists of a large glaucophane-rich clast surrounded by an assortment of other 
felsic clasts. The glaucophane-rich clast is composed of predominately fine-grained acicular 
glaucophane with phengites which are associated with iron oxides and epidote along the 
edges (Figure 4-6, b). The assortment of other clasts contains lawsonite and glaucophane 
(Figure 4-6, c) with rare occurrences of fuchsite (Cr-muscovite) associated with the 
glaucophane (Figure 4-6, d). 
Minerals identified through SEM analysis of the amygdale and surrounding 
groundmass shown in Figure 4-7 are; glaucophane, phengite, chlorite, lawsonite, apatite and 
titanite. The matrix contains abundant Na, Mg, Al and Fe (Figure 4-8, B, D, E, F 
respectively) with little K (Figure 4-8, C) signifying glaucophane is dominant (Appendix B, 
Sample 16-17, 22-26). The main mineral in the circular domain (Figure 4-7, left hand side) is 
phengite (K(AlMg)2(OH)2(SiAl)4O10) identified through the high K, Al and Mg content with 
little Na and Ca (Appendix B, Sample 6-12). The phengite is associated with chlorite 
((Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6; Appendix B, Sample 18-20). Lawsonite 
(Appendix B, Sample 1-5) fringes the phengite domain.  
4.3.2.2 Interpretation  
The fine-grained, homogenous nature of the glaucophane with no phenocrysts 
suggests a basic to intermediate protolith for this clast (Figure 4-6, a). The dominance of 
ferromagnesian minerals combined with the fine-grained size suggests a basaltic protolith. 
The circular object occupied by phengite and lawsonite is interpreted as an amygdale with the 






4.3.3 PM3: Focus on felsic clasts 
 
Figure 4-9: Image of thin section PM3 which conveys the overall layout of the thin section. The red squares 
highlight the two locations of EDS-SEM analysis while the yellow squares indicate where transmitted light 
images were taken. 
 
Figure 4-10: Two transmitted light images conveying the mineralogy of PM3; a) Highlights two different 
textures of glaucophane (fine-grained to the left and acicular at the top) with lawsonite crystals; b) 
Decomposing chlorite crystal with occurrences of epidote and lawsonite. 
 PM3 contains several felsic clasts bearing  abundant lawsonite and epidote minerals 
within a phengite matrix (Figure 4-10, a). Chlorite is an accessory mineral with common 




4.3.3.1 PM3 EDS-SEM Site 1a  
 
Figure 4-11: Hornblende altered by glaucophane and chlorite, with a predominately feldspar matrix and minor 
occurrences of epidote and lawsonite.  
 
 
Figure 4-12: Layered EDS-SEM image of PM3 (A) Raster maps (B-G) highlighting minerals with high 
concentrations of K, Ca, Mg, Si, Ti and Al. 
 
Relict hornblende is the mineral in the centre of Figure 4-11 identified not only from 
its composition (Appendix B, Sample 32-36)   but also optically by its oblique extinction at 
10-20° under cross polars. Surrounding the hornblende phenocryst is lawsonite (Appendix B, 
Sample 37-41), chlorite (Appendix B, Sample 47-56), apatite (Appendix B, Sample 27-31), 




4.3.3.2 PM3 EDS-SEM Site 1b 
 
Figure 4-13: Epidote and lawsonite crystals with a pelite clast which was most likely ductile before 
crystallisation due to the mud injection texture present.  
 
  
Figure 4-14: Layered EDS-SEM image of PM4 (A) Raster maps (B-G) highlighting minerals with high 
concentrations of K, Al, Mg, Fe, Na and Ca. 
The SEM-EDS analysis revealed an abundance of lawsonite (Appendix B, Sample 72-
73, 75-76, 100) intergrown with phengite (Appendix B, Sample 74, 98-99, 101-106), 
glaucophane (Appendix B, Sample 77-80, 97) and chlorite (Appendix B, Sample 81, 92-96). 
Minor occurrences of apatite (Appendix B, Sample 67-71) and titanite (Appendix B, Sample 




4.3.3.3 PM3 EDS-SEM Site 2  
 
Figure 4-15: Lawsonite and epidote crystals surrounded by phengite.  
 
 
Figure 4-16: Layered EDS-SEM image of PM4; (A) with raster maps; (B-G) highlighting minerals with high 




The minerals identified through EDS-SEM analysis at the PM3 site 2 are lawsonite, 
phengite and glaucophane. The main large tabular crystals in Figure 4-15 are lawsonite, 
identified through their  high Ca and Al concentration (Appendix B, Sample 107-111). 
Surrounding the lawsonite is a mineral rich in K, Al and Mg determined to be phengite 
(Appendix B, Sample 112-116,120,127-131). This classification is supported by the mica 
texture observed by the tranmitted light petrography image (Figure 4-15). On the composite 
EDS-SEM map the lighter green material (Figure 4-16, A) carriers significant Na, Al and Mg 
therefore indicating a glaucophane composition (Appendix B, Sample 122-126), which is 
affirmed by the blue colour of the mineral in the petrographic image above (Figure 4-15).  
4.3.3.4 Interpretation  
In PM3, the relict hornblende surrounded a plagioclase rich matrix indicates a felsic 
composition (Figure 4-11). The hornblende is part of a relict igneous assemblage, however it 
has been largely replaced by a complex overlay of minerals developed during superimposed 
HP/LT metamorphism. The clast contains a range of minerals within its matrix including 
epidote, glaucophane, lawsonite, hornblende and chlorite all of which show signs of 
blueschist metamorphism.  
4.3.4 PM4: Focus on the variety of clasts within the blueschist conglomerate  
 
Figure 4-17: Image of thin section PM4 which conveys the overall layout of the thin section. The yellow squares 






Figure 4-18: Transmitted light images conveying the clast composition of PM4; a) Plagioclase phenocryst with 
chlorite selvedge within a glaucophane-rich matrix; b) Coarse-grained clast containing glaucophane with relict 
plagioclase; c) Feldspar domain surrounded by glaucophane; d) Acicular glaucophane with phengite 
 
 
Figure 4-19: Transmitted light images highlighting the mineralogy of the glaucophane and a felsic clast 
contained within PM4; e) Epidote minerals within feldspar domain; f) A felsic clast with a feldspar matrix 
containing lawsonite, hornblende, phengite and fuchsite minerals; g) Fine-grained glaucophane (dark blue) 
adjacent to coarse-grained glaucophane (light blue); h) Clast which had a ductile pelitic protolith which has 




PM4 contains an assortment of different clasts which can be divided into two main 
types; those which are fine-grained and glaucophane-dominated and those which have been 
interpreted to be composed predominately of feldspars prior to metamorphism. The 
glaucophane-dominated clasts can be further divided into those that are coarse-grained with 
relict plagioclase phenocrysts (Figure 4-18, a-b), fine-grained clasts (Figure 4-19, g) and 
pelitic clasts (Figure 4-19, h). The coarse-grained glaucophane clasts commonly contain relict 
plagioclase phenocrysts which are altered to chlorite around their edges (Figure 4-18, b). 
Acicular glaucophane is also observed intertwined with phengites (Figure 4-18, d) to form the 
dominant foliation. 
The relict feldspar clasts are dominated by a framework of feldspar with domains of 
epidote, lawsonite, phengite and fuchsite. The feldspar clasts are usually surrounded by 
glaucophane and chlorite alteration. Throughout the assemblage there are also rare clasts 
which have been interpreted to have pelitic protoliths, these are best illustrated in Figure 4-
19, h, clearly highlighting the ductile nature of the protolith material before metamorphism. 
4.3.4.1 Interpretation  
The clasts within PM4 exhibit a variety of protoliths. The majority of these clasts are 
glaucophane-rich clasts with relict plagioclase phenocrysts which probably represent a 
porphyritic basaltic protolith due to the dominance and homogeneity of glaucophane (Figure 
4-18, a-b). A number of clasts contain fine-grained glaucophane with no phenocrysts 
suggesting a basaltic protolith due to their homogeneity. Other clasts include the partly 
lithified/plastic clasts which are indicative of a ductile protolith such as a pelite and would 
form these patterns due to its ductile nature before crystallisation. These clasts retained the 
mud injection patterns during metamorphism in which the majority of minerals within the 
clasts were altered to glaucophane. This glaucophane exhibits an acicular texture which along 
with the phengite defines the dominant foliations for the blueschist conglomerate. The felsic 
clasts were another dominant clast within the blueschist conglomerate. These clasts are most 
likely derived from hypabyssal intrusions or volcanic rocks. Within the felsic clasts the 




 substitution in the micas. This is a common 
process in serpentinites, where chrome can be mobilised and trapped within micas grown in 




4.3.5 PM5: Focus on a vein cross cutting clasts 
 
Figure 4-20: Image of thin section PM5 which conveys the overall layout of the thin section. The red rectangle 
highlights the location of the EDS-SEM analysis while the yellow squares indicate where transmitted light 
images were taken. 
 
 
Figure 4-21: Transmitted light images conveying the mineralogy of PM5; a) Alkali feldspar vein cross cutting 
host rock composed of glaucophane and chlorite; b) A felsic clast containing relict plagioclase and 
glaucophane within a feldspar matrix; c) A relict plagioclase feldspar phenocryst surrounded by glaucophane 
alteration; d) Lawsonite with fuchsite in a vein which is surrounded by glaucophane.  
 
The thin section PM5 examines one of the veins running throughout the blueschist 
conglomerate (Figure 4-21, a). The veins cut across clasts and the blueschist facies 




4.3.5.1 PM 5 EDS-SEM 
 
Figure 4-22: Alkali feldspar vein which was the focus of the EDS-SEM analysis. 
 
 
Figure 4-23: Layered EDS-SEM image of PM5 (A) Raster maps (B-G) highlighting minerals with high 






Figure 4-24: Transect of the vein within the PM5 EDS-SEM analysis location (A). Elemental abundances 
represented by the following graphs highlight the composition of the vein compared to the matrix (B-G). 
Minerals identified through EDS-SEM analysis are phengite (Appendix B, Sample 6, 
8-14, 21-22, 40), alkali feldspar (Appendix B, Sample 1-5), chlorite (Appendix B, Sample 7, 
15-18, 31-33, 38-39) and glaucophane (Appendix B, Sample 25-27, 34-37). The host rock 
material contains Mg, Na, Fe and Ca and was therefore identified to be predominately 
glaucophane. The vein running through the middle of the sample contained abundant K 
(Figure 4-23, D, Figure 4-24, C), Al (Figure 4-24, F) with little Na, Mg, Ca and Fe (Figure 4-
24, B, D, E, G respectively). This composition identified the vein as being alkali feldspar 
with phengite fringes along the edges. Within the vein are several chlorite crystals identified 
through their high Mg, Fe values and low K and Si values.  
4.3.5.2 Interpretation  
The alkali feldspar veins cuts across all minerals belonging to the HP/LT 





4.3.6 PM6: Focus on the felsic clast 
 




Figure 4-26: Four transmitted light images conveying the mineralogy of PM6; a) Phengite, lawsonite and relict 
plagioclase b) Pyrite and glaucophane in a feldspar matrix; c) Abundance of relict plagioclase with epidote and 
glaucophane d) Relict plagioclase, lawsonite and glaucophane in a feldspar matrix.  
 
Thin section PM6 examines the composition of the diorite-gabbro clasts. The clasts 
are composed of relict feldspar with lawsonite, pyrite and epidote with limited occurrences of 
glaucophane.  
4.3.6.1 Interpretation  
The clast is identified to be of leucogabbroic composition due to the abundance of 




5 GEOCHEMISTRY  
5.1 INTRODUCTION  
Geochemical analysis provides valuable insights into the petrogenesis of rocks and the 
tectonic setting in which protoliths formed. Geochemical analyses were conducted by 
preliminary hand held X-ray fluorescence (HHXRF) and then laboratory XRF.  
  
5.2 METHODS  
5.2.1 X-Ray Fluorescence (XRF) 
5.2.1.1 Laboratory XRF  
15 samples were analysed for both major and trace elements using X-ray 
Fluorescence (XRF) analysis. Samples were collected from Rocky Beach from a range of 
lithologies including; blueschist conglomerate (both the matrix and clasts), basalt, gabbro and 
eclogite. At the University of Wollongong (UOW) the samples underwent coarse crushing 
followed by reduction into a fine powder using the TEMA chromium steel ring mill. Between 
powdering each sample, the mill was rinsed with clean quartz sand to minimise cross-
contamination. For analysis of trace elements, pressed pellets were created using ~5g of the 
powder mixed with 6 drops of polyvinyl acetate (PVA) binder. This mixture was put into an 
aluminium cup and crushed using a hydraulic hand press to create the pellet. The pellets were 
placed in a 65°C oven and left for 12 hours to dry out.  
Analysis of major elements was conducted using different amounts of flux depending 
on estimated elemental concentrations determined from trace element analysis. The fluxes 
used were a 12% tetraborate to 22% metaborate flux for mafic samples, a 43% metaborate to 
57% tetraborate for ultramafic samples, and for higher silica samples, pure metaborate was 
used. Added to this flux was 400 mg (300mg to the pure metaborate flux) of the sample and 
5ml of lithium nitrate. The samples were then placed in the furnace at 600-970°C and left for 
1 hour. Whole rock geochemistry and trace element XRF analysis was conducted by Dr Paul 




5.2.1.2 Hand- Held X-ray Fluorescence (HHXRF) 
Hand-held X-ray fluorescence (XRF) analyses were conducted using the Niton 3XLt 
GOLDD as a reconnaissance tool to give a general idea of the composition of the clasts 
within the conglomerate. This guided the choice of a more limited suite of samples for more 
accurate and precise analysis by laboratory XRF. Because of the lower energy of the primary 
X-ray beam on the hand held instrument compared to laboratory XRF, sodium cannot be 
analysed, and magnesium and aluminium are imprecise at low abundance. Prior to analyses, 
the instrument’s calibration for different elements was tested twice using sandstone 
composition known from laboratory XRF. This sandstone was again analysed twice halfway 
through and again at the end of the analytical session. These six sandstone analyses were used 
to calibrate the final values (Figure 5-1). The calibration factor was determined by applying 
the measured value/expected value (known value of the sandstone) to give the calibration 
factor.  
 
Figure 5-1: Graph portraying the calibration factor applied to the oxides and elements 
 
 
Hand-held X-ray fluorescence (XRF) analyses were performed on the clasts within 
the conglomerate to give a general idea of their compositions with 29 analyses conducted on 
both the felsic and mafic clasts within the conglomerate (Table 1). Additionally 15 samples 
from both the blueschist conglomerate and the surrounding geology at Rocky Beach were 
analysed using laboratory XRF methods; of these blueschist conglomerate samples two were 
sourced from the felsic clasts and three from the blueschist conglomerate matrix (Table 2). 
The locations of the samples from the surrounding geology are marked on the geological map 




















Oxide or element  




Table 1: Whole rock XRF (hand-held) geochemical analyses (wt%) of the clasts within the blueschist conglomerate from Rocky Beach  






























SiO2 42.776 42.839 49.152 47.477 46.859 47.768 47.710 49.949 47.646 53.073 43.450 47.692 45.417 48.392 49.412 
TiO2 0.749 0.698 0.809 0.819 0.850 0.651 0.924 0.547 0.655 0.577 1.554 1.428 0.777 0.764 1.219 
Al2O3 14.325 16.500 18.836 17.909 18.726 19.768 19.940 20.195 18.608 14.797 16.482 7.908 18.658 20.314 22.417 
Fe2O3 7.770 7.176 8.446 9.994 7.365 7.484 8.806 7.599 7.426 12.258 9.720 16.368 9.572 7.756 7.105 
MnO 0.128 0.117 0.144 0.160 0.134 0.134 0.141 0.111 0.115 0.170 0.169 0.247 0.150 0.127 0.105 
MgO 1.840 0.000 5.502 4.401 4.886 4.274 2.269 4.096 1.998 4.693 5.767 3.766 4.898 4.796 4.868 
CaO 7.353 9.666 8.724 7.492 8.800 7.751 8.798 8.065 8.654 4.340 6.969 2.018 7.847 8.172 6.750 
K2O 3.412 2.819 2.897 2.523 3.571 3.514 1.808 3.506 3.191 1.713 2.361 1.219 2.927 3.204 3.300 
P2O5 2.247 3.626 3.497 2.649 4.190 3.079 2.422 3.724 3.384 0.708 2.120 0.126 2.916 3.149 0.120 
Cr2O3 0.021 0.019 0.028 0.029 0.022 0.022 0.030 0.023 0.021 0.068 0.022 0.022 0.031 0.022 0.012 
SO3 0.009 0.011 0.009 0.011 0.008 0.011 0.000 0.009 0.008 0.016 0.029 0.026 0.011 0.024 0.000 
Zr 7.218 10.040 7.307 6.622 9.764 7.009 7.646 6.056 8.577 7.652 14.810 18.693 6.851 7.340 7.099 
Cl 0.013 0.016 0.016 0.031 0.036 0.041 0.023 0.018 0.017 0.056 0.050 0.092 0.046 0.042 0.014 
Sc 0.015 0.017 0.017 0.015 0.000 0.012 0.016 0.018 0.011 0.013 0.012 0.000 0.013 0.000 0.009 
Ti 0.448 0.418 0.484 0.490 0.508 0.389 0.553 0.327 0.392 0.345 0.929 0.854 0.464 0.457 0.729 
V 0.039 0.039 0.033 0.042 0.034 0.038 0.037 0.036 0.039 0.042 0.045 0.050 0.042 0.037 0.046 
Cr 0.008 0.007 0.011 0.011 0.009 0.008 0.012 0.009 0.008 0.026 0.009 0.009 0.012 0.008 0.005 
Ni 0.015 0.014 0.019 0.019 0.017 0.016 0.019 0.012 0.015 0.028 0.021 0.028 0.020 0.017 0.020 
Cu 0.015 0.013 0.015 0.007 0.005 0.005 0.007 0.009 0.007 0.023 0.008 0.007 0.006 0.029 0.011 
Zn 0.006 0.005 0.007 0.007 0.006 0.006 0.006 0.005 0.005 0.008 0.008 0.012 0.007 0.006 0.006 
As 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 
Rb 0.011 0.009 0.010 0.008 0.011 0.011 0.007 0.011 0.011 0.006 0.008 0.004 0.010 0.011 0.010 
Sr 0.039 0.049 0.042 0.038 0.041 0.040 0.048 0.038 0.045 0.024 0.030 0.001 0.040 0.037 0.028 
Nb 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 
Pd 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Ba 0.030 0.031  0.032  0.029  0.032  0.034  0.023  0.031  0.029  0.024  0.028  0.020  0.030  0.032  0.026  
Pb  0.000  0.001   0.000   0.000   0.000   0.000   0.000   0.000   0.000   0.001   0.000   0.000   0.000   0.000   0.000  
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Table 1: Continued  
Sample # 2222 2223 2224 2225 2226 2227 2228 2233 2234 2235 2236 2237 2238 2239 


















Andesite Low K 
Andesite 
SiO2 43.150 43.150 46.507 39.741 57.235 54.791 44.302 54.999 49.084 36.240 35.527 36.042 57.323 63.802 
TiO2 1.208 1.076 0.377 0.991 1.385 0.395 0.671 0.245 1.264 0.945 0.785 0.986 0.863 0.184 
Al2O3 15.858 59.880 7.096 14.959 9.774 8.567 17.169 12.100 19.339 20.785 12.133 19.523 16.127 8.386 
Fe2O3 10.957 16.992 17.209 7.569 17.526 17.619 8.019 14.684 7.530 7.931 8.061 7.994 13.389 16.847 
MnO 0.175 1.420 0.266 0.123 0.283 0.273 0.124 0.255 0.125 0.163 0.130 0.155 0.173 0.225 
MgO 4.656 1.863 4.470 2.953 7.120 5.508 3.106 6.586 4.183 7.041 1.475 3.771 6.758 6.171 
CaO 7.600 17.021 1.809 5.848 1.671 1.237 6.332 3.440 5.742 15.118 8.742 15.064 3.744 0.831 
K2O 1.560 0.148 1.103 3.171 1.154 1.034 2.915 1.090 3.461 0.543 2.209 0.550 1.494 0.259 
P2O5 2.767 9.051 0.130 0.177 0.084 0.119 0.152 0.857 0.000 6.373 2.466 7.075 0.120 0.096 
Cr2O3 0.062 0.251 0.041 0.029 0.034 0.035 0.031 0.043 0.022 0.019 0.027 0.022 0.033 0.045 
SO3 0.009 0.028 0.012 0.013 0.000 0.010 0.017 0.010 0.000 0.016 0.015 0.010 0.011 0.011 
Zr 20.312 11.226 4.416 8.390 15.374 4.452 4.530 3.072 12.269 11.652 7.333 13.088 7.082 0.875 
Cl 0.022 0.008 0.050 0.098 0.055 0.035 0.025 0.030 0.022 0.051 0.073 0.024 0.031 0.069 
Sc 0.000 0.047 0.000 0.000 0.000 0.000 0.000 0.000 0.009 0.025 0.014 0.023 0.000 0.006 
Ti 0.722 0.000 0.225 0.593 0.828 0.236 0.401 0.146 0.756 0.565 0.470 0.589 0.516 0.110 
V 0.037 0.849 0.032 0.049 0.045 0.039 0.041 0.029 0.050 0.023 0.035 0.023 0.045 0.033 
Cr 0.024 0.058 0.016 0.011 0.013 0.014 0.012 0.017 0.009 0.007 0.011 0.009 0.013 0.017 
Ni 0.027 0.167 0.030 0.024 0.029 0.031 0.020 0.023 0.024 0.025 0.020 0.028 0.024 0.041 
Cu 0.011 0.027 0.007 0.012 0.006 0.005 0.007 0.006 0.009 0.004 0.005 0.003 0.005 0.002 
Zn 0.008 0.007 0.013 0.006 0.011 0.011 0.007 0.009 0.007 0.008 0.006 0.008 0.010 0.011 
As 0.000 0.012 0.001 0.000 0.001 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.001 
Rb 0.006 0.000 0.003 0.011 0.003 0.003 0.010 0.004 0.011 0.001 0.007 0.001 0.006 0.001 
Sr 0.037 0.003 0.001 0.026 0.001 0.000 0.029 0.017 0.022 0.064 0.049 0.069 0.017 0.001 
Nb 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 
Pd 0.022  0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba  0.000  0.000 0.019 0.032 0.019 0.018 0.025 0.014 0.034 0.009 0.028 0.011 0.015 0.010 
Pb 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000 0.000 
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Table 2: Whole rock geochemistry (laboratory XRF), major oxides (wt%) and trace elements (ppm) of the 
blueschist conglomerate and the surrounding lithologies from Rocky Beach. The numbers in brackets are used 










































SiO2 57.11 31.29 42.48 40.97 60.18 41.18 48.8 
TiO2 0.92 1.68 0.00 3.51 0.26 1.03 0.94 
Al2O3 15.54 18.94 2.30 11.38 17.80 17.22 18.25 
Fe2O3 8.26 11.45 12.79 15.40 4.38 15.34 11.69 
MnO 0.20 0.22 0.21 0.25 0.05 0.20 0.28 
MgO 5.22 20.49 31.71 11.76 3.27 7.42 5.14 
CaO 2.64 4.18 0.08 7.57 2.90 9.41 5.15 
Na2O 5.03 0.29 0.09 1.40 8.08 1.09 4.23 
K2O 1.18 0.34 0.01 0.04 0.55 1.41 0.90 
P2O5 0.20 0.42 < 0.0012 0.12 0.11 0.20 0.21 
SO3 0.47 0.02 0.14 0.01 0.05 0.36 0.34 
LOI 4.21 10.41 10.59 8.05 2.72 5.38 4.49 
Total 100.97 99.72 100.40 100.45 100.35 100.24 100.41 
Cu 94 67 11 2 19 124 85 
Zn 74 73 70 96 44 100 104 
Ga 11 9 < 1 9 9 17 17 
Rb 25 8 2 3 10 26 19 
Sr 82 279 4 268 146 471 77 
Y 24 30 2 44 9 35 26 
Zr 100 107 < 1.0 201 54 28 68 
Nb 6 11 0 28 2 2 3 
Ba 118 77 <2 <2 206 487 178 
La 19 18 16 <2 <2 <2 31 
Ce <2 49 <2 <2 <2 <2 <2 
Hf 3 4 5 5 1 3 3 
Pb 6 < 1 < 1 < 1 2 4 7 
Th 2.7 < 1.0 < 1.0 1.6 0.5 < 1.0 < 1.0 





















































SiO2 47.49 64.16 42.06 53.23 50.34 44.31 56.68 56.05 
TiO2 1.96 0.59 0.51 0.74 0.84 0.92 0.52 0.55 
Al2O3 14.01 13.87 18.77 13.96 14.73 18.45 8.59 9.33 
Fe2O3 13.62 7.69 8.24 11.28 11.34 8.27 12.74 12.42 
MnO 0.18 0.28 0.15 0.15 0.16 0.13 0.18 0.16 
MgO 10.60 3.59 8.46 7.60 8.09 8.65 10.99 10.56 
CaO 2.61 0.88 10.41 3.34 4.49 8.09 3.47 3.76 
Na2O 0.87 3.11 1.14 3.63 3.29 1.03 5.00 4.57 
K2O 2.09 2.36 1.40 2.22 1.31 2.26 0.58 1.06 
P2O5 0.55 0.08 1.46 0.10 0.13 0.44 0.02 0.01 
SO3 0.33 0.10 0.14 0.06 0.04 0.04 0.01 0.00 
LOI 5.95 3.29 7.79 3.69 4.67 8.08 1.93 2.24 
Total 100.26 99.99 100.51 99.99 99.43 100.68 100.70 100.71 
Cu 28 48 83 134 140 56 58 68 
Zn 118 87 94 105 107 91 109 104 
Ga 15 12 15 11 12 15 8 8 
Rb 43 50 31 58 36 56 15 29 
Sr 43 55 535 121 182 374 23 26 
Y 28 20 33 17 23 27 6 8 
Zr 145 168 51 71 76 70 47 47 
Nb 17 7 2 2 2 3 2 1 
Ba 416 1432 189 195 160 299 39 113 
La <2 22 35 10 13 10 <2 <2 
Ce <2 <2 <2 23 15 <2 8 <2 
Hf 3 5 3 3 3 3 2 2 
Pb 3 5 2 1 < 1 2 < 1 < 1 
Th < 1.0 4.7 1 < 1.0 < 1.0 1.6 < 1.0 < 1.0 
U < 0.5 1.3 0.7 0.8 0.5 2.4 < 0.5 < 1.0 
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The preliminary HHXRF geochemical analyses of the blueschist conglomerate 
involved the analysis of eight mafic and 21 felsic clasts. These eight mafic clasts revealed 
high Mg and Fe contents indicating a mafic composition (Table 1). The blueschist 
conglomerate mafic clasts have a compositional range from basalt to andesite with one 
clast plotting in the low-K dacite field (Figure 5-2). Their SiO2 values range from 46 to 63 
wt.% (Table 1) in which these silica differences could indicate localised silicification and 
alteration. When plotted on basaltic discrimination diagrams the majority of mafic clasts 
fell into the arc tholeiite field (Figure 5-3).  
 
Figure 5-2: SiO2-K2O diagram highlighting both the rock type of the clasts and the series it fell into. The 
green dots represent the basaltic clasts. The pink dots represent the felsic clasts and the pink squares 
represent the laboratory XRF data on the felsic clast 
This diagram is used for anhydrous (or near anhydrous) compositions which is hard to 
assess with the HHXRF however, as this is a preliminary study it serves to provide the 




Figure 5-3: Ti-V diagram of Shervais (1982) highlighting that the basaltic clasts fell into the arc tholeiite 
category. 
The 21 felsic clasts revealed higher Al and K compositions indicating a felsic 
composition. The compositional range of the blueschist conglomerate felsic clasts ranges 
from gabbroic to a monzo-dioritic composition with SiO2 values ranging from 35 to 53 wt.% 
(Table 1). The two samples of the felsic clasts analysed using laboratory XRF (Table 2) 
plotted within the gabbro field while the blueschist conglomerate matrix samples plotted 
compositions ranging from gabbroic to monzo-diorite (Figure 5-4).  
 
Figure 5-4: SiO2-Na2O + K2O diagram highlighting the composition of the felsic clasts and the overall matrix of 




The laboratory XRF analyses were sourced from the geology surrounding the 
blueschist conglomerate to gain an understanding of the geological context of the samples. 
The majority of surrounding units were of basaltic composition with some andesitic clasts 
(Figure 5-5).  
 
Figure 5-5: SiO2-K2O diagram highlighting the rock type of the surrounding units. This diagram portrays the 
range of lithologies from basalts to andesites. 
 
Felsic lithologies were additionally documented surrounding the blueschist 
conglomerate and within the clasts of the conglomerate. These lithologies ranged from 
gabbros, monzonites to granodiorites (Figure 5-6).  
 
Figure 5-6: SiO2-Na2O + K2O diagram conveying the rock type of the felsic geological units surrounding the 




6 ZIRCON U-PB GEOCHRONOLOGY 
6.1 INTRODUCTION 
Absolute geochronology is pivotal in the understanding of the dynamic geological 
processes which shape the earth. The essence of geochronology revolves around the 
determination of absolute ages which convey insights into the relationships between rocks, 
whilst additionally deciphering the all-important chronology of events. Absolute ages are 
determined through utilising radioactive decay, a quantifiable, unidirectional physical process 
which is continuous from specimen formation to the present day and is independent of any 
physical or chemical factors (as summarised by Williams 1998).  
6.1.1 Radioactivity  
Minerals are radioactive when they contain unstable isotopes. Unstable isotopes 
nuclei spontaneously transform into other nuclei and release radiation in order to uphold the 
laws of conservation of mass and energy (as summarised by Allègre 2008). This process 
continues if the newly formed nuclei are also unstable, and thus will continue, as a decay 
chain to breakdown until a stable nucleus is reached as the ultimate daughter isotope.   
Of all the elements which contain radioactive isotopes, the decay of uranium to lead 
remains one of the most widely utilised and refined forms of radiometric dating. Equilibrium 
uranium-lead (U-Pb) dating is used to date terrestrial and extra-terrestrial samples from over 
4.5 billion years down to around 1 million years.  
6.2 ZIRCON U-Pb DATING  
The reliability and precision of zircon U-Pb dating has ensured the proliferation of this 
technology. U-Pb dating analyses U and Pb isotopes within the zircons to determine absolute 









Pb) which decay at different rates;  
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Unlike most forms of radiometric dating, the U-Pb system contains a natural cross 




Pb) which can be used to determine if the 
system has been disturbed (e.g. Pb has escaped). This ratio additionally gives an ‘age’ check.  
6.2.1 Zircons (ZrSiO4) 
Zircons (ZrSiO4) are widely occurring accessory minerals with physiochemical 
resilience allowing the retention of important isotopes and trace elements for not only dating 
but also petrogenetic fingerprinting. They form in all silica-saturated igneous rocks and can 
regrow during high grade metamorphism (mostly at >500°C). Zircons can also be recycled as 
detrital grains into clastic sediments. They have a number of important properties leading to 
their use as the primary mineral for U-Pb dating as summarised by Davis et al. (2003), Finch 
and Hanchar (2003) and Hoskin and Schaltegger (2003). These include a unique ability to 
incorporate U as a substitute for zirconium (Zr) but reject Pb during crystallisation, thus 
creating a perfect time recording mineral, because when they form the radioisotope clock is 
set to zero. The durability of zircons allows them to survive high pressure/temperature events, 
transportation and erosion. Having a high density (>3.3) allows them to be easily separated 
using heavy mineral separation techniques.  
6.2.1.1 Detrital Zircons 
Detrital zircons are commonly used to determine the maximum possible age of 
sediment deposition inferred through the youngest zircon (e.g. Rainbird et al. 2001; Tucker et 
al. 2013). This premise can be extended that for metamorphic rocks, the youngest detrital 
zircon also constrains a maximum age of superimposed metamorphism (e.g. Nutman et al. 
2013).  
6.2.2 U-Pb Parent-Daughter Isotopes 
If the decay rate of the parent isotope is known, the absolute age of the geological 
material can be determined using the equation below (summarised by Williams 1998; 
Equation 5). With the known variables being; the decay constant (λ) of the parent and the 
ratio of daughter to parent atoms remaining (D/P) this leaves the only unknown variable 






= 𝑒𝝀𝑡 − 1                                                                                                     Equation 5 
As U decays, radiogenic Pb accumulates this forms the daughter/parent (D/P) ratio 
which can be measured within zircons (Williams 1988).  This paired system is measured by 
multiple dating technologies including in a 20µm diameter by 1-2µm deep microdomains 
within a sensitive high resolution ion microprobe (SHRIMP). This microanalysis technique 
gives a high spatial resolution to the analysis, targeting and measuring single growth domains 
to get an accurate age on a single event of growth or recrystallization within the targeted 
grain.   
6.2.3 Cathodoluminescence Scanning Electron Microscope Imaging (CL-SEM) 
CL-SEM imaging provides high resolution images of the internal textures and 
external morphology of zircons which can reflect their geological history. Features such as 
zonation, textures and relative U + Th content which cannot normally be determined using a 
binocular microscope can be revealed through this imagery. These features are revealed due 
to the fundamental principle of CL imaging which revolves around certain minerals including 
zircon emitting cathodoluminescence (visible luminescence) when bombarded with a high 
energy electron beam.  This high energy beam excites electrons within the zircons allowing 
them to move up to a higher energy state. When the electron returns back to its normal energy 
state it releases a photon, which is seen as cathodoluminescence (Pagel et al. 2000).  There is 
widely accrued knowledge concerning how the CL textures in zircons can be related to 
different types of geological events (e.g. Finch and Hanchar 2003; Kempe et al. 2000; 
Rubatto 2002 and references therein). The presence of trace elements such as U and Th tend 
to poison the luminescence (LaFlamme et al. 2014). Consequently zones richer in these 
elements appear duller in images. Also radioactive damage to the zircon lattice 
(metamictisation) also poisons luminescence, and hence such domains appear duller.  
Prior to analysis, cathodoluminescence scanning electron microscope (CL-SEM) 
images are taken, because these are highly effective in revealing the internal structure of the 
grains and thereby created in preparation for zircon U-Pb SHRIMP dating (Kempe et al. 
2000). These images highlight the concentrations of U + Th and other trace elements. The 
contrast in luminescence provides insights into the zircon’s geological history as revealed by 




choices to be made about analysis locations e.g. avoiding disturbed or recrystallization zones 
in order to determine an age of formation of the zircon rather than the age of the disruption or 
recrystallization event.  
6.2.4 Sensitive High Mass Resolution Ion MicroProbe (SHRIMP)  
The sensitive high mass resolution ion microprobe (SHRIMP) provides accurate, 
reliable, in-situ dating of domains within small (<100µm) mineral grains such as zircons. By 
focusing a ~20 µm O2
-
 high energy ion beam onto the surface of the prepared mount, an 
analysis ablates a crater 1-2 µm deep in which about 2 ng of zircon is removed. Charged 
sputtered secondary ions are extracted into the mass and energy analyser using a 10 kv 
potential. The double-focusing spectrometer resolves small isobaric interferences on the Pb 
peaks, meaning that error propagation from peak-sipping routines is avoided (Williams 
1998). The zircon U-Pb data is acquired on a single electron multiplier collector in peak 
hopping mode.  
Ions hitting the detector cause a cascade of electrons measured by electronics allowing 









calibration of the data from a standard zircon of known age, run in the same analytical 
session (summarised by Williams 1998).  
6.3 METHODS 
6.3.1 Zircon separation and preparation for analysis  
Rock samples of the blueschist conglomerate were collected from Rocky Beach by 
Professor Allen Nutman in April 2015 during a student fieldtrip to Port Macquarie. The 
basaltic clasts were dismissed as sites which would yield zircons, because igneous zircons 
mostly grow from melts that are silica saturated. Felsic clasts were cut out of the block to 
create one sample for zircon separation. A second sample consisted of a larger random 
sample of the whole conglomerate (matrix and diverse clasts).  
The felsic clasts were cut from the conglomerate using a diamond bladed saw and sent 
along with a sample of the blueschist conglomerate matrix to the Australian National 




which was undertaken by Shane Paxton. Zircons were only recovered from the blueschist 
conglomerate matrix and random clast sample with around thirty grains recovered. The felsic 
clast sample yielded no zircons. This is in keeping with the petrographic evidence that these 
clasts are likely of leucogabbroic character as igneous rock zircons only become copious in 
silica-rich diorites in cal-alkaline conditions. These zircons were handpicked by Allen 
Nutman using a binocular microscope and were cast in a 1 inch epoxy resin disc (mount 
W51) together with two different standard zircons; 30 grains of TEMORA 2 with an age of 
418.1 ± 1.6 Ma (Black et al. 2003) and 10 grains of OG-1 zircons with an age of 3465 Ma 
(Stern et al. 2009). The groups of standard zircons were distributed throughout the mount, 
with the purpose of the standard to check the calibrations of U and Pb throughout the analysis 
of the blueschist zircons. Finally the mount was polished in order to expose cross sections of 
the zircon grains for analysis. These exposed cross sections were first mapped in reflected 
light and then the SEM cathodoluminescence (CL) images were acquired.  
6.3.2 CL-SEM Imaging  
Zircons were imaged using the JEOL-JSM-6490LA scanning electron microscope at 
the University of Wollongong’s Innovation Campus by Dr Mitchell Nancarrow. A low 
resolution CL image was produced for all zircons on the mount, followed by high resolution 
images of selected grains. These images guided the choice of sites for U-Pb analysis by the 
SHRIMP.  
6.3.3 Zircon U-Pb dating 
Zircon U-Pb dating was conducted using the sensitive high mass resolution ion 
microprobe SHRIMP II at the Australian National University, Canberra (ANU). Analytical 
protocols followed Williams (1998) with mentoring provided by Allen Nutman.  Uranium 
abundance was calibrated using reference zircon SL13 (U=238 ppm) in a set up mount. 




U of the 
unknowns. Temora 2 grains were analysed between every three analyses of unknowns to 
ensure adequate calibration. Additionally different clusters of Temora distributed at different 
sites across the mount were visited randomly, in order to check for any instrumentation bias 




A total of thirteen zircon grains were analysed. These grains were chosen for analysis 
based on their structure (well formed, no cracks or signs of damage) and apparent high 
reflectance. Many of the other remaining grains on the mount were not worth attempting to 
analyse, due to their poor preservation as demonstrated by CL imagery. Very dark areas 
signify high U content and low radiogenic Pb which indicates radiation damage to the grains 
with disruption of the lattice permitting both loss of radiogenic Pb and influx of common Pb. 
Therefore the ages of such sites have been disturbed and are hard to interpret. On the other 




Pb. The associated large counting statistics errors give rise to large uncertainties on such 
ages. Both the very dark and light areas would yield unreliable ages and so were avoided. 
Zircon grains of particular interest were analysed more than once to obtain a better average 
age of the grain and to check for any local loss of radiogenic Pb giving apparently young 
ages. The location of the analysis sites was documented (Table 3). 
Table 3: Abbreviations used to describe where the analysis site was on the zircon and the condition of the zircon 
before analysis. 
Abbreviation Description 
p Prismatic crystal 




hd CL image is homogenous and dark 
osc Oscillatory zoning within crystal 
e End of crystal 


























Pb was analysed to 
determine if the zircon underwent any damage during its life with influx of common Pb and 
is therefore disturbed. The spot size used for the analytical session was ~20 μm and a primary 
ion beam of 5 nA.  
 The raw count data produced by the SHRIMP was processed using the in-house ANU 
software programs ‘PRAWN’ and ‘Lead’. ‘PRAWN’ was used to identify outliers in the 
analytical counts to produce a set of ratios with instrumental analytical errors. The program 
‘Lead’ calibrated the isotopic ratios using the TEMORA 2 standards analysed during the 
same analytical session. The reduced and calibrated data was assessed using the Excel
TM
 





6.4.1 Locations of analysis  
18 analyses were conducted on 13 zircons most amenable to analysis (Figure 6-1).  
Sites were chosen based on the CL characteristics such as being a light grey colour (therefore 
it would not contain too much U or Pb which would yield unreliable U-Pb ages).  
    
 
Figure 6-1: CL-SEM image of the zircons on mount W51 that were extracted from the blueschist conglomerate 














6.4.2  Zircon morphology  
The extraction of zircons within the blueschist conglomerate at Rocky Beach resulted 
in a low yield of zircons (<50 grains per kilogram). All zircons extracted exhibit similar 
external features including rounding, pitting and lack of metamorphic growth (Figure 6-2).  
 
Figure 6-2: Transmitted light image of the zircons extracted from the blueschist conglomerate matrix 
highlighting the rounding, pitting and lack of metamorphic growth. 
The rounded exteriors and pitting formed as a result of abrasions within sedimentary 
systems. These external features stand in stark contrast to zircons in igneous rocks which 
often exhibit multifaceted habits and clear euhedral exterior surfaces (cf. Nutman et al. 2013). 
The majority of zircons exhibited oscillatory zoning, with few homogeneous and sector 
zoned zircons. Due to the low-temperature (<400 °C) of metamorphism it is unlikely for in-
situ metamorphic zircons to develop and therefore these zircons were interpreted to be 
detrital grains (Nutman et al. 2013).  
6.4.3 U-Pb dating 
Analyses were conducted on both the middle and the ends of the grains, with zircons 
of particular interest, e.g. youngest and oldest zircons, undergoing multiple analyses (Table 
4). Corrections for small amounts of common lead were made, assessed on the measured 
204
Pb and the Cumming and Richards (1975) model common Pb composition at 340 Ma (the 
age of the youngest grain detected).    
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Table 4: Summary of SHRIMP zircon U-Th-Pb data 
 
Site grain type and analysis location: p=prism, ov=oval, fr=fragment, e=end, m=middle.  
Site CL imagery: osc=oscillatory zoned, h=homogeneous, sz= sector zoned. 
Abbreviations following Nutman et al. 2013 




Pb ages and concordance only given for >1000Ma old sites  
F206% is based on the measurement of 
204
Pb to determine the amount of 
206
Pb modelled as non-radiogenic.  























P-1.1 sz, m, ov 197 158 0.80 0.010 0.00053 ± 0.00016 11.2 ± 0.457 0.049 ± 0.003 551 ± 22   
P-1.2 sz, m, ov 355 192 0.54 0.002 0.00011 ± 0.00007 10.97 ± 0.278 0.058 ± 0.002 562 ± 14   
P-2.1 osc, m, p-sm 79 44 0.56 0.029 0.00155 ± 0.00050 12.9 ± 0.33 0.034 ± 0.008 481 ± 12   
P-3.1 osc, e, eq 149 79 0.53 0.004 0.00024 ± 0.00025 12.55 ± 0.291 0.054 ± 0.004 494 ± 11   
P-4.1 osc, e, p 129 54 0.42 0.010 0.00056 ± 0.00022 12.6 ± 0.343 0.05 ± 0.004 492 ± 13   
P-5.1 osc, e, p 80 55 0.69 0.025 0.00136 ± 0.00066 13.01 ± 0.508 0.039 ± 0.011 477 ± 18   
P-6.1 osc, e, p 124 49 0.39 0.003 0.00014 ± 0.00015 12.21 ± 0.319 0.055 ± 0.003 507 ± 13   
P-7.1 osc, e, p 221 175 0.79 0.011 0.00057 ± 0.00015 13.49 ± 0.35 0.052 ± 0.003 461 ± 12   
P-8.1 h, m, ov 146 23 0.15 0.007 0.00039 ± 0.00016 11.39 ± 0.279 0.053 ± 0.003 542 ± 13   
P-9.1 sz, m, ov 269 165 0.61 0.001 0.00005 ± 0.00005 11.8 ± 0.328 0.059 ± 0.001 524 ± 14   
P-10.1 osc, m, p 127 61 0.48 0.001 0.00005 ± 0.00400 184  ± 0.038 0.217  ± 0.002 2796  ± 47 2957  ± 11 95 
P-10.2 osc, e, p 210 66 0.31 0.005 0.00027 ± 0.00007  2.6 ± 0.067 0.211 ± 0.002 2095 ± 46 2914 ± 16 72 
P-11.1 osc, e, p 58 31 0.53 0.014 0.00078 ± 0.00048 12.81 ± 0.353 0.051 ± 0.008 484 ± 13   
P-12.1 osc, e, p, fr 121 79 0.65 0.010 0.00052 ± 0.00019 18.76 ± 0.455 0.046 ± 0.004 335 ± 8   
P-12.2 osc, e, p, fr 175 72 0.41 0.004 0.00023 ± 0.00015 18.29 ± 0.419 0.052 ± 0.003 343 ± 8   
P-12.3 osc, m, p, fr 155 66 0.43  0.002 0.00011 ± 0.00011 17.77 ± 0.471 0.054 ± 0.002 353 ± 9   
P-12.4 osc, m, p, fr 171 89 0.52  0.004 0.00024 ± 0.00013 18.11 ± 0.417 0.050 ± 0.002 347 ± 8   
P-13.1 osc, e, p 136 157 1.16  0.008 0.00044 ± 0.00017 13.3 ± 0.316 0.053 ± 0.003 467 ± 11   
72 
 
Due to the absence of metamorphic overgrowths on the protolith zircons the youngest 
detrital zircon was identified to infer the maximum age of metamorphism (Nutman et al. 
2013).  Detrital zircons ranged in age from Archean to Carboniferous (Figure 6-3).  
 









P-12 was identified as the youngest zircon and therefore had four analyses (Table 4, 
P-12.1 to 12-4; Figure 6-4) conducted to obtain a more precise age. A single analysis would 
have increased uncertainty as to whether the Carboniferous age is the crystallisation of the 
grain or if it is too young, due to recent radiogenic Pb loss. The P-12 zircon is a prismatic 






Figure 6-4: CL-SEM image of P-12 which was determined to be the youngest detrital grain in the zircon 
population.  
P-12 also exhibited the least abrasion and rounding of its outer surface compared with 
the other zircons (Figure 6-5). The youngest zircon would exhibit the least amount of 
rounded and abrasion due to having spent the least about of time experiencing the physical 
elements which cause rounding and abrasion. This affirms that P-12 is indeed the youngest 
zircon in the zircon population.  The weighted mean U-Pb age of these four analyses is 343.8 
± 7.9 (95% confidence, MSWD= 0.82, Carboniferous according to the Gradstein et al. 2012 
timescale; Figure 6-6 & 6-7). The Carboniferous age gives the maximum age of deposition 





Figure 6-5: Transmitted light images highlighting the contrasts in the amount of abrasion and rounding of the 
youngest zircon grain with the general population. The bottom image is the youngest zircon grain with the top 









U ages (Ma) of detrital zircon P-12. The mean age was 343.8 ± 7.9 (95% confidence, 









U cumulative frequency histogram using an interval size of 10Ma.  
 
P-10 was identified as the oldest detrital zircon. It is a prismatic zircon which exhibits 
oscillatory zoning (Figure 6-8). Site 10.1 yielded ages which were the closest to concordant 




Pb age of 2957 ± 11 Ma (σ) indicating a derivation from a Mesoarchean 
source. The other grains yielded Neoproterozoic to early Palaeozoic ages and were likely 
derived from earlier accretionary complexes formed at Gondwana’s eastern margin.  
 





Despite the abundance of research into Port Macquarie’s unique geology; in particular 
the rare coastal exposures of HP/LT metamorphic rocks, controversy remains over both the 
timing of HP/LT metamorphism and the geodynamic setting. This controversy centres on the 
work of the Fukui et al. (1995) who proposed an Ordovician age of metamorphism through 
K-Ar dating of phengites. This Ordovician age stands in stark contrast to the Permian age 
obtained by Nutman et al. (2013) through zircon U-Pb dating of blueschists and eclogites. 
The extra petrology, geochemistry and geochronology data compiled within this thesis on the 
blueschist conglomerate will help constrain the timing of metamorphism with potential 
implications for the tectonic evolution of eastern Australia. The petrology focused on 
determining the clast compositions which in conjunction with the geochronological data 
allowed links to be made between the clasts and possible source terranes surrounding the Port 
Macquarie Serpentinite Mélange. Once a link between possible source terranes and the clasts 
was established the formation of the blueschist conglomerate was interpreted from the 
tectonic model for the formation of eastern Australia presented by Buckman et al. (2015).  
The serpentinite mélange matrix is Mg-rich, Ca-poor with a high Ni/Cr ratio indicating a 
harzburgite peridotite protolith matrix, rather than a cumulate peridotite protolith related to a 
layered gabbro body (Och et al. 2007b). The mélange is interpreted as a highly dismembered 
ophiolite, due to the presence of an assortment of blocks including red ribbon-bedded chert, 
shale, pillow basalt, brecciated basic extrusive rocks, gabbros, layered sedimentary rocks, 
felsic volcaniclastic rocks and additionally HP/LT metamorphic rocks of diverse origin (Och 
et al. 2007b). These lithologies record the addition of juvenile oceanic crust to the eastern 
margin of Gondwana during the Palaeozoic with some of these lithologies documented within 
the blueschist conglomerate (Barron et al. 1975; Och et al. 2007b). The recently discovered 
blueschist conglomerate is found in close proximity to the other eclogite and blueschist facies 
blocks at the northern end of Rocky Beach.   
The lithologies of the clasts within the blueschist conglomerate can be divided into three 
main types; mafic, felsic igneous rocks and pelites. Their compositions and protolith 
materials were determined through a combination of field studies, investigations of sawn 
slabs from the conglomerate block, petrological and geochemical analyses. Petrological 




having a composition dominated by the mineral glaucophane and their fine-grained size. 
Further insights into the mafic clasts were determined through geochemical analysis (SEM 
and XRF) which revealed a ferromagnesian character. These petrological and geochemical 
insights indicated a basaltic protolith which was confirmed by the presence of amygdales 
(now psuedomorphed by HP/LT assemblages) which are features commonly found in basalts. 
Within the Port Macquarie Serpentinite Mélange blocks of basalts are described by several 
authors (Barron et al. 1975; Och et al. 2007b; Buckman et al. 2015) which may indicate that 
these basalts found in the blueschist conglomerate may be derived from the same source as 
the basalts within the mélange. Other clasts within the blueschist conglomerate which 
appeared to be basalts had higher silica values then encountered in basalts which combined 
with the relict hornblende and plagioclase found within these clasts, suggests an andesite 
composition.  
The second type of clast identified within the blueschist conglomerate was felsic clasts, 
which are light grey in colour, heterogeneous, predominately coarse-grained and feldspar-
rich. Initially these clasts were identified as granites. However, due to the lack of quartz and 
the intermediate silica values this was revised to leucogabbro. The coarse-grained nature of 
the feldspars suggest an igneous protolith with the most likely origin of the leucogabbro 
being from either an extensively fractionated ophiolite package or less evolved shallow level 
intrusive rocks of the volcanic arc. The third type of clast identified within the blueschist 
conglomerate had an irregular form, indicating an originally ductile, partly lithified/plastic 
protolith such as a pelite. These pelitic clasts along with the mafic and felsic clasts are set in a 
poorly sorted matrix of mud and volcaniclastic detritus that has been strongly metamorphosed 
and altered to glaucophane and chlorite. The conglomerate was likely to have been deposited 
in a deep marine environment as a mud-matrix supported mass flow conglomerate.  
It is important to note that because the conglomerate matrix contains glaucophane + 
lawsonite, following deposition the conglomerate underwent blueschist facies metamorphism. 
For lawsonite to remain stable the temperature must remain below 450°C or it will begin to 
breakdown therefore making it a perfect indicator of lowest temperature, high-pressure 
metamorphism (Comodi and Zanazzi 1996). While glaucophane forms at these HP/LT 
conditions too, glaucophane has the ability to form under other conditions if unusual bulk 
compositions are present, which in this case it is not (Suk 1983). Therefore it is the 




metamorphism. This coexistence is seen in the majority of clasts and within the matrix 
indicating that blueschist facies metamorphism occurred after the formation of the 
conglomerate as opposed to the conglomerate consisting of clasts which have undergone 
blueschist facies metamorphism prior to being incorporated into the conglomerate. The only 
conglomerate components identified to have formed after the HP/LT metamorphic event are 
alkali feldspar veins which are present throughout the blueschist conglomerate. These alkali 
feldspar veins were observed to cross-cut every mineral within the assemblage including 
indicators of HP/LT metamorphism (e.g. glaucophane crystals). Another important feature 





) which are tied to the hydrous metasomatic environment of 
metamorphism, with some Cr introduced from enclosing serpentinites.  
As the conglomerate formed prior to metamorphism any age data obtained from either 
the clasts or matrix of the blueschist conglomerate can be used to constrain the timing of 
metamorphism. This thesis applied the principle that the youngest zircon grain represents the 
maximum age of metamorphism (Nutman et al. 2013). This principle was applied as the 
zircons dated for this thesis were determined to be detrital grains due to their rounding, 
pitting and lack of metamorphic growth and therefore could only be used to infer a maximum 
age of metamorphism rather than an absolute age. The youngest zircon had an average age of 
343.8 ± 7.9 Ma (95% confidence, MSWD= 0.82) indicating that the HP/LT metamorphic 
event at Port Macquarie occurred at the earliest during the Carboniferous (343.8 Ma) but 
could have occurred later. The timing of metamorphism has previously been dated by both 
Fukui et al. (1995) and Nutman et al. (2013) however, there are large discrepancies between 
the ages obtained by the two studies.  
Fukui et al. (1995) utilised K-Ar dating of phengites located at Rocky Beach which 
yielded ages of 465-480 Ma (Mid Ordovician). Phengites were used for dating as they are 
produced by high-pressure metamorphism and are found intergrown with glaucophane. This 
Ordovician age obtained suggests that there was subduction zone metamorphism occurring 
during the Ordovician, with Mid-Ordovician plate convergence and subduction 
accretion/underplating (Fukui et al. 1995). Conversely, Nutman et al. (2013) applied zircon 
U-Pb dating to blueschists and eclogites from Rocky Beach and determined an age for 
metamorphism to be definitely after 340 Ma (Carboniferous) but possibly as late as 251 Ma 




possibility that the very rare c. 251 Ma zircons formed within thin alkali feldspar pegmatites 
younger than peak metamorphism and thus an age for metamorphism cannot be inferred from 
these zircons. The results obtained by Nutman et al. (2013) and Buckman et al. (2015) are 
combined with the results in this thesis in the graph below (Figure 7-1). Buckman et al. 
(2015) conducted zircon U-Pb dating of rocks within the Watonga Formation.  
 
 
Figure 7-1: Graph combining the data presented in this thesis, data from the zircon U-Pb dating of blueschists 
and eclogites conducted by Nutman et al. (2013) and the data from the zircon U-Pb dating conducted by 




In the present study care was taken to avoid any veins, and c. 251 Ma zircons were 
not detected. Thus integrating the results and discussion in Nutman et al. (2013) with the 
results here the conclusion is reached that the maximum age of HP/LT metamorphism is c. 
340 Ma. This thesis confirms that metamorphism occurred 100 million years later (at ≤340 
Ma) than previously thought (~470 Ma) having important ramifications for the tectonic 
evolution of eastern Australia.  
Within the NEO Ordovician HP/LT metamorphic rocks have been dated. There are 
two regions where HP/LT metamorphic rocks are found, at Rocky Beach and at the Peel-
Manning Fault System where Attunga eclogites were dated by Phillips et al. (2015). They 
obtained an age of 490 Ma for the zircons within the eclogites highlighting the presence of 
older (Cambrian) HP/LT metamorphic rocks. However, these eclogites are located in an 
entirely different area to the Rocky Beach HP/LT metamorphic rocks and therefore are not 
related. The Rocky Beach blueschists which contain Carboniferous zircons are difficult to 
reconcile with the Ordovician subduction.  However, this confirmation that subduction was 
still occurring in the Carboniferous correlates well with the tectonic model presented by 
Buckman et al. (2015) in which this subduction could be related to the emplacement of the 
serpentinite mélange which hosts blocks of HP rocks including the blueschists (Figure 7-2). 
Additionally it has been proposed that the emplacement of these rocks could be related to the 
collision of the Andean eastern Australian margin with the Permian Gympie terrane island 
arc and that this event may have instigated the 260-230 Ma (Permo-Triassic) Hunter-Bowen 
Orogeny (Figure 7-2 H, Nutman et al. 2013; Buckman et al. 2015).  
This large discrepancy between Fukui et al. (1995) and Nutman et al. (2013) is most 
likely the result of the methods used to obtain these ages. HP/LT micas often absorb excess 
argon which results in a much older age when dating micas within these systems (Kelly et al. 
1994). Therefore K-Ar dating of micas should be used cautiously for HP/LT systems. 
Alternatively the foundations of zircon U-Pb dating are centred on a closed system between 
U and Pb, where the concentrations of lead are solely radiogenic.  However, caution must be 
taken when using U-Pb dating to determine what type of zircons are being dated e.g. detrital 
grains can only be used to infer a maximum age of metamorphism rather than absolute timing 




Figure 7-2: Schematic tectonic model for formation of the eastern margin of Gondwana. The blue stars represent the ages previously obtained for metamorphism, with the 
yellow star representing the Carboniferous age presented within this thesis (Adapted Buckman et al. 2015) 
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The geochronological, geochemical and petrographic analyses of the conglomerate shed 
light on the provenance of the source rocks. The presence of arc tholeiites suggests input 
from an island-arc to fore-arc source and the gabbroic to leucogabbroic clasts suggest an 
ophiolite or arc terrane input. The mudstone and volcaniclastic clasts may have been sourced 
from either an ophiolitic or island arc source. The nearest known ophiolite besides the 
dismembered ophiolite at Port Macquarie in the southern NEO is the Cambrian Weraerai 
terrane which is closely associated with the island-arc Gamilaroi terrane of Silurian-Devonian 
age which was accreted to Gondwana in the latest Devonian (Aitchison et al. 1994; Buckman 
et al. 2015). The presence of fuchsite within the clasts supports the interpretation that the 
ophiolite Weraerai terrane was probably an important source of sediment for this 
conglomerate. If the conglomerate was only sourced from the Weraerai-Gamilaroi composite 
terrane before collision with Gondwana it would be expected to contain detrital zircons with 
minimum ages of Late Devonian.  However, it contains Carboniferous detrital zircons 
indicating that the blueschist conglomerate could possibly have been sourcing magmatic 
zircons from the Carboniferous Conner-Auburn continental arc to the west. Therefore the 
blueschist conglomerate is likely to be derived from a mixture of terranes including the 
Conner-Auburn continental arc suggested by the Carboniferous zircon peak, the Weraerai 
terrane indicated by the Ordovician-Cambrian zircon peak and from Gondwanan material 
suggested by the late Neoproterozoic to Archean zircon peak (Figure 7-3 & 7-4).  
 
Figure 7-3: Cumulative distribution graph highlighting the younger detrital population (343-562 Ma) and the 





Figure 7-4: Cumulative distribution graph of the Carboniferous and Ordovician/Cambrian zircon population 
which probably represents the input of material from both the Conner Auburn continental arc and the Weraerai 
terrane respectively.  
Together, the petrology, detrital zircon age populations and interpreted source terranes 
for the conglomerate fit the tectonic reconstruction model (Figure 7-2 E & F) presented by 
Buckman et al. (2015) which, details the formation of the eastern margin of Gondwana by 
episodic collisional events of island arcs. This model highlights the importance of the 
addition of allochthonous island-arc terranes including the Macquarie arc onto the Lachlan 
Orogen during the Ordovician-Silurian, the Gamilaroi terrane to initiate development of the 
NEO during the latest Devonian and finally the Gympie terrane at the Permian-Triassic 
boundary which is responsible for the Hunter-Bowen Orogeny. The tectonic model clearly 
highlights the formation of the blueschist conglomerate whereby following the collision and 
accretion of the Weraerai + Gamilaroi intra-oceanic terranes in the latest Devonian, there was 
a subduction flip and development of west-dipping subduction zone to form a Carboniferous 
continental arc (Figure 7-2 E & F). Erosion of the Carboniferous arc, Cambrian ophiolitic 
Weraerai terrane as well as some Gondwanan Precambrian material is responsible for 
shedding detritus into the fore-arc and trench regions during the Carboniferous to Permian 




      
 
Figure 7-5: Section F from the tectonic model presented by Buckman et al. (2015) for the formation of the 
eastern margin of Gondwana highlighting the erosion and transportation of the felsic clasts into the trench.  
 
These trench-fill mass flow deposits were then subjected to blueschist facies 
metamorphism before being incorporated into serpentinite diapirs that rose along fault planes 
within the accretionary wedge. This exhumation as serpentinite diapirs was possibly the 
result of the collision of the Gympie terrane at the Permian-Triassic boundary (Figure 7-6). 
 
 
Figure 7-6: Section G & H from the tectonic model presented by  Buckman et al. (2015) for the formation of the 
eastern margin of Gondwana highlighting the collision of the Gympie terrane with Gondwana which forced the 
exhumation of the HP/LT metamorphic rocks through serpentinite diapirs.  
 
Serpentinite diapirism is common in fore-arc regions as fluids expelled from the 
subducting slab hydrate and serpentinise the mantle wedge to produce a hot, ductile and 
buoyant serpentinite diapir that can pluck off HP/LT rocks and bring them to the surface 
rapidly (Fryer 1992). The presence of the Carboniferous blueschist conglomerate in the 
mélange at Port Macquarie suggests that subduction in the Carboniferous was tectonically 






The biggest limitation of this thesis centred on determining an age for metamorphism. 
Since only detrital zircons were identified within the blueschist conglomerate only a 
maximum age of metamorphism could be established. Metamorphism may have occurred 
much later than the Carboniferous age obtained. However, this age still serves as 
confirmation that the timing of metamorphism ( ≤ 340 Ma) was much later then the 
previously determined Ordovician age (~ 470 Ma).  
Another major limitation was the methods of geochemical analysis; as HHXRF was the 
main method for determining whole rock compositions. HHXRF analyses do not analyse Na 
which is essential for determining the rock type of the felsic clasts. This is due to the fact the 
primary X-ray beam is of lower energy when compared to laboratory XRF. Additionally Mg 
and Al are imprecise if at low abundances. Therefore the study of the felsic clasts relied on 
the laboratory XRF values in which only two samples were analysed.  
A petrographic limitation was the double thickness slides which due to their thickness 
would often display altered colours and even mask some textures of the minerals making 
identification difficult. Two normal thickness slides (30μm) were created to check the 










8 CONCLUSIONS  
1) The Port Macquarie Serpentinite Mélange is host to numerous blocks of ophiolitic, 
island-arc, accretionary complex and HP/LT metamorphic rocks in a schistose, 
serpentinite matrix. The ages and composition of the blocks in the mélange is critical 
for constraining the origins and timing of subduction events responsible for mélange 
formation. To date there are contrasting reports for the age of HP/LT metamorphism, 
which affects tectonics models.  
 
2) The clasts within the blueschist conglomerate were identified to be predominantly 
basaltic (arc tholeiites) and included gabbro-leucogabbro clasts within a muddy-
volcaniclastic matrix. Both the matrix and clasts were affected by blueschist 
metamorphism as evident by glaucophane and lawsonite overgrowths on primary 
hornblende in the leucogabbroic clasts and the presence of glaucophane and lawsonite 
throughout the matrix.  
 
3) The zircons from the blueschist conglomerate from Rocky Beach yielded detrital 
zircons with an age range of 343 to >2900 Ma. As these are detrital grains the 
youngest grain was used to infer a maximum age of metamorphism which was 
determined to be 343.8 ± 7.9 Ma. Particular care was taken to avoid any veins, and c. 
251 Ma zircons were not detected as they were in the Nutman et al. (2013) zircon 
population. Thus integrating the results and discussion in Nutman et al. (2013) with 
the results here the conclusion is reached that the maximum age of HP/LT 
metamorphism is c. 340 Ma. 
 
4) The entire zircon population dated for this thesis revealed three age peaks, a 
Carboniferous peak, an Ordovician peak and an Archean peak. The Carboniferous 
zircons are interpreted to be sourced from magmatic zircons from within the 
Carboniferous Conner-Auburn continental arc to the west. The Ordovician/Cambrian 
zircons suggest the input from ophiolitic and island arc material from the Weraerai + 
Gamilaroi terrane. While the presence of Archean zircons indicates the input of 





5) The petrology and geochronology of the blueschist conglomerate fit well into the 
tectonic model for the formation of the eastern margin of Gondwana presented by 
Buckman et al. (2015). The deposition of the conglomerate is the result of erosion of 
Carboniferous arc detritus, ophiolitic Weraerai terrane and Gondwanan material into 
the fore-arc trench. The Carboniferous trench-fill conglomerate was subducted and 
subjected to blueschist facies metamorphism before being exhumed through 
serpentinite diapirs which arose as the result of the collision between the Gympie 
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APPENDIX B-WT% DATA FROM EDS-SEM ANALYSIS  
Table 5: B1 EDS-SEM Analysis, mineral abbreviations using the Kretz 1983 updated list (Appendix A) 
Sample # 45 46 47 48 49 50 51 52 53 54 55 56 57 
Mineral Ti Ti Ti Ti Ti Ti Gln Gln Gln Gln Gln Hbl Hbl 
SiO2 17.70 18.80 16.98 20.26 17.44 18.26 74.44 75.04 70.84 80.66 66.80 36.41 38.25 
TiO2 9.59 7.45 10.35 9.39 9.10 9.91 0.53 0.00 0.00 0.00 0.30 0.00 0.00 
Al2O3 3.00 3.64 2.95 2.41 4.21 3.51 5.82 6.76 7.21 4.17 5.66 17.71 17.58 
FeO 2.68 3.18 2.44 1.71 2.86 2.14 6.20 5.43 7.33 4.03 7.96 19.52 19.49 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 2.51 3.24 2.39 1.74 2.76 2.07 6.09 5.14 6.78 3.97 8.82 18.85 18.46 
CaO 9.16 7.79 9.36 8.82 7.51 8.42 3.76 3.67 4.12 3.92 6.37 2.54 1.71 
Na2O 0.00 0.57 0.18 0.22 0.20 0.25 0.66 0.51 0.72 0.56 0.78 0.00 0.00 
K2O 0.36 0.33 0.35 0.46 0.75 0.45 0.51 1.44 1.00 0.69 1.31 0.48 0.51 
P2O5 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 
              
Table 5: Continued  
Sample # 58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Mineral Hbl Hbl Hbl Gln Gln Gln Gln Lws Lws Lws Lws Ap Ap Ap 
SiO2 38.44 36.83 36.26 66.11 52.79 50.15 52.28 46.70 46.16 50.92 43.60 17.64 18.50 18.25 
TiO2 0.00 0.33 0.38 0.35 0.66 0.49 0.68 0.68 0.59 0.00 0.56 0.00 0.00 0.00 
Al2O3 16.99 17.13 18.09 6.03 5.05 9.30 6.12 26.79 28.46 25.82 29.03 9.24 8.63 7.64 
FeO 17.46 17.99 18.32 7.75 8.78 12.61 9.06 4.85 4.20 5.49 3.69 2.65 3.96 4.17 
MnO 0.46 0.39 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 19.50 20.04 19.76 9.29 13.62 13.38 13.16 4.29 3.32 3.65 3.00 2.32 3.46 3.70 
CaO 2.50 2.72 1.69 7.35 16.10 11.13 15.33 9.57 13.69 5.80 15.29 36.11 33.85 34.63 
Na2O 0.00 0.00 0.43 0.64 0.50 0.00 0.60 0.50 0.56 0.48 0.42 0.00 0.36 0.58 
K2O 0.64 0.56 0.60 0.49 0.49 0.95 0.78 3.89 1.02 5.85 0.71 0.45 0.77 0.58 




Table 6: B2 EDS-SEM analysis, mineral abbreviations using the Kretz 1983 updated list (Appendix A) 
Sample # 1 2 4 5 6 7 8 9 10 11 12 
Mineral Lws Lws Lws Lws Ph Ph Ph Ph Ph Ph Ph 
SiO2 45.34 45.51 46.03 46.23 54.81 55.70 53.48 54.82 54.88 50.60 62.14 
TiO2 0.46 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 31.78 32.22 32.53 31.60 20.80 19.22 18.87 20.31 20.46 17.23 14.15 
FeO 2.46 2.25 1.85 2.08 3.31 3.74 4.38 3.54 3.55 11.60 4.98 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 1.54 1.25 1.49 1.78 5.74 6.17 4.68 6.12 6.11 9.62 6.14 
CaO 15.01 15.48 14.85 14.32 1.10 1.46 2.31 1.03 0.69 1.34 1.02 
Na2O 0.76 0.66 0.44 0.35 0.42 0.52 0.55 0.52 0.41 1.87 0.91 
K2O 0.65 0.63 0.81 1.64 9.81 9.18 11.74 9.65 9.91 3.73 6.65 
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Table 6: Continued  
Sample # 16 17 18 19 20 21 22 23 24 25 26 
Mineral Gln Gln Chl Chl Chl Ti Gln Gln Gln Gln Gln 
SiO2 52.11 56.87 37.00 42.04 39.60 39.69 58.09 58.17 57.38 58.38 57.57 
TiO2 0.00 0.00 0.00 0.00 0.00 23.60 0.00 0.00 1.36 0.00 0.00 
Al2O3 11.58 12.94 16.25 13.93 14.78 8.00 9.48 11.11 9.78 10.47 12.80 
FeO 10.59 9.92 15.37 14.86 15.04 2.69 12.91 10.40 11.27 10.86 9.52 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 14.39 9.51 16.11 12.27 14.78 2.40 9.07 9.66 9.41 10.02 9.07 
CaO 5.67 1.60 0.72 1.30 1.09 19.52 1.15 1.12 1.60 0.78 1.03 
Na2O 2.19 5.42 1.47 2.75 2.02 0.39 6.76 6.01 6.50 6.98 5.13 
K2O 1.46 1.74 1.08 0.85 0.68 1.71 0.55 1.53 0.70 0.50 2.89 




Table 7: B3 EDS-SEM Analysis site 1a, mineral abbreviations using the Kretz 1983 updated list (Appendix A) 
Sample # 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 
Mineral Ap Ap Ap Ap Ap Hbl Hbl Hbl Hbl Hbl Lws Lws Lws Lws Lws Ph Ph 
SiO2 10.82 11.65 12.77 14.37 13.30 52.69 52.37 51.47 51.65 51.29 42.84 42.72 42.64 43.18 42.97 53.47 48.58 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.00 0.53 0.54 0.59 0.60 0.00 0.63 0.00 0.00 0.49 
Al2O3 5.16 6.01 6.28 8.44 8.13 4.77 4.91 6.93 6.54 7.13 31.45 31.41 32.11 29.42 30.23 18.35 20.78 
FeO 4.40 3.71 3.31 1.50 2.42 5.87 5.81 5.96 5.90 6.09 2.83 2.52 2.51 3.60 3.38 5.16 7.33 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 4.70 3.76 3.54 1.84 2.16 17.34 16.47 16.23 16.12 15.59 2.32 2.24 2.24 3.71 3.33 7.45 9.27 
CaO 39.30 39.51 38.82 38.86 39.31 19.33 19.75 19.41 19.26 18.98 15.56 15.63 16.07 15.46 15.48 2.78 2.22 
Na2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.41 0.45 0.00 0.00 0.30 0.35 0.44 
K2O 0.00 0.41 0.44 1.08 0.51 0.00 0.26 0.00 0.00 0.00 0.00 0.43 0.43 0.00 0.30 8.44 6.88 
P2O5 32.61 31.95 31.85 30.90 31.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
                  
Table 7: Continued  
Sample # 44 45 46 47 48 49 50 51 52 53 54 55 56 62 63 64 65 66 
Mineral Ph Ph Ph Chl Chl Chl Chl Chl Chl Chl Chl Chl Chl Ti Ti Ti Ti Ti 
SiO2 53.38 54.96 54.06 45.59 48.21 45.79 45.27 47.24 33.14 32.23 33.30 32.92 33.76 34.31 36.58 36.89 35.85 35.31 
TiO2 0.36 0.00 0.00 0.00 0.73 0.33 0.00 0.00 0.38 0.84 0.00 0.44 0.54 29.56 25.89 23.97 25.94 26.81 
Al2O3 21.47 19.95 20.95 12.72 10.09 11.83 12.20 11.70 17.08 17.18 16.09 16.53 16.38 4.98 5.68 6.97 6.53 5.24 
FeO 3.41 3.37 3.75 11.63 11.15 12.30 12.98 11.45 14.26 14.16 15.83 15.35 14.85 2.56 3.24 4.29 3.96 3.90 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.37 0.55 0.53 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 5.87 6.71 6.16 11.46 10.26 11.47 11.60 11.01 19.80 19.68 19.83 19.58 19.66 3.03 3.96 4.65 3.95 4.64 
CaO 1.39 1.24 2.00 2.44 2.55 1.93 1.95 1.88 2.56 2.53 1.67 1.88 2.48 22.98 21.77 20.66 21.35 21.86 
Na2O 0.31 0.00 0.00 3.80 4.70 3.93 3.77 4.47 0.00 0.69 0.53 0.44 0.00 0.00 0.46 0.26 0.41 0.00 
K2O 9.81 9.77 9.08 0.36 0.30 0.42 0.23 0.26 0.29 0.32 0.20 0.33 0.34 0.59 0.43 0.32 0.00 0.25 




Table 8: B3 site 1b EDS-SEM analysis, mineral abbreviations using the Kretz 1983 updated list (Appendix A) 
Sample # 67 68 69 70 71 72 73 74 75 76 77 
Mineral Ap Ap Ap Ap Ap Lws Lws Ph Lws Lws Gln 
SiO2 18.81 13.15 11.85 16.41 13.54 45.00 44.23 48.87 45.32 45.32 55.21 
TiO2 0.00 0.00 0.00 0.00 0.00 0.63 0.57 0.00 0.00 0.00 0.00 
Al2O3 7.92 6.79 7.18 8.26 8.21 28.30 32.59 24.84 32.84 32.84 11.97 
FeO 3.24 2.56 2.48 1.67 2.34 4.52 1.70 5.58 1.96 1.96 11.93 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 2.97 2.28 2.59 1.77 2.18 3.50 2.04 5.42 1.55 1.55 11.25 
CaO 34.12 39.79 39.84 38.37 39.39 13.18 15.91 4.74 15.27 15.27 1.60 
Na2O 1.57 0.00 0.00 0.00 0.00 0.36 0.00 0.66 0.47 0.47 5.71 
K2O 0.61 0.53 0.77 0.60 0.51 2.51 0.97 5.90 0.59 0.59 0.33 
P2O5 27.75 31.89 32.28 29.92 30.83 0.00 0.00 0.00 0.00 0.00 0.00 
 
Table 8: Continued  
Sample # 78 79 80 81 82 83 84 85 86 92 93 94 95 96 
Mineral Gln Gln Gln Chl Ti Ti Ti Ti Ti Chl Chl Chl Chl Chl 
SiO2 52.44 53.12 52.30 32.80 35.28 39.49 37.31 35.53 37.23 33.72 33.15 32.62 33.73 32.76 
TiO2 0.00 0.00 0.00 0.34 25.30 24.84 24.75 26.41 24.11 0.32 0.67 0.32 0.00 0.00 
Al2O3 13.05 14.00 13.23 17.08 6.82 5.82 7.35 5.85 7.10 16.03 17.04 17.28 18.59 18.83 
FeO 13.35 12.80 14.10 15.35 4.99 3.73 3.05 3.79 3.97 16.19 13.60 16.21 14.57 14.91 
MnO 0.00 0.00 0.00 0.52 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.37 0.00 0.39 
MgO 12.96 11.07 11.76 19.07 4.69 3.13 3.22 4.45 4.37 19.76 20.10 18.15 17.89 18.53 
CaO 1.28 1.10 1.31 2.53 20.19 19.78 21.38 21.97 20.90 1.76 2.70 2.77 2.71 1.77 
Na2O 4.60 4.31 5.04 0.00 0.43 0.79 0.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K2O 0.32 1.61 0.27 0.32 0.31 0.41 0.64 0.00 0.32 0.22 0.31 0.27 0.50 0.81 




Table 8: Continued  
Sample # 97 98 99 100 101 102 102 104 105 106 
Mineral Gln Ph Ph Lws Ph Ph Ph Ph Ph Ph 
SiO2 56.31 54.43 53.97 47.04 54.29 54.25 54.51 54.17 54.27 59.22 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 12.81 20.48 20.97 29.57 20.35 20.82 21.15 20.01 18.76 17.87 
FeO 11.18 3.29 3.49 2.24 4.10 3.55 3.63 4.40 5.86 3.07 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 8.23 6.55 6.06 2.71 6.07 6.41 6.27 6.82 6.45 2.53 
CaO 2.20 1.44 2.26 12.08 1.40 1.21 1.14 1.31 2.19 3.09 
Na2O 4.39 0.00 0.00 0.00 0.68 0.00 0.00 0.49 1.21 0.43 
K2O 2.88 9.82 9.24 3.36 9.10 9.76 9.29 8.80 7.26 9.79 
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Table 9: B3 Site 2 EDS-SEM Analysis, mineral abbreviations using the Kretz 1983 updated list (Appendix A)  
Sample # 107 108 109 110 111 112 113 114 115 116 
Mineral Lws Lws Lws Lws Lws Ph Ph Ph Ph Ph 
SiO2 46.75 47.03 46.13 46.89 47.40 55.89 55.67 56.47 55.37 56.00 
TiO2 0.73 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 31.25 31.77 32.01 31.67 30.20 19.67 19.95 18.98 20.14 19.40 
FeO 1.77 1.54 1.90 1.74 2.73 3.52 3.88 3.99 3.84 3.54 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 1.14 1.15 1.19 1.37 2.05 5.86 5.86 6.11 5.49 6.23 
CaO 15.00 15.28 15.56 14.76 14.41 1.29 1.05 0.74 1.41 1.19 
Na2O 0.00 0.00 0.27 0.00 0.49 0.00 0.00 0.00 0.43 0.51 
K2O 1.35 1.24 0.95 1.59 0.72 9.77 9.59 9.71 9.32 9.14 




Table 9: Continued  
Sample # 120 122 123 124 125 126 127 128 129 130 131 
Mineral Ph Gln Gln Gln Gln Gln Ph Ph Ph Ph Ph 
SiO2 60.82 54.57 53.31 48.09 51.54 51.34 59.34 58.02 59.16 58.47 55.35 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 16.48 10.59 12.90 15.50 13.38 13.14 18.51 20.23 18.87 19.82 19.75 
FeO 4.07 13.70 12.43 14.53 13.02 14.53 3.69 4.14 3.89 3.39 3.92 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 5.30 11.47 12.42 14.77 13.66 13.01 6.02 5.65 5.46 6.14 5.97 
CaO 0.67 1.97 1.48 1.45 1.26 0.69 0.57 0.00 0.48 0.00 1.17 
Na2O 0.46 4.76 4.76 3.02 4.21 4.57 0.00 0.00 0.00 0.49 0.00 
K2O 8.21 0.94 0.69 0.64 0.93 0.73 9.87 9.96 10.14 9.68 9.83 
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Table 10: B5 EDS-SEM Analysis, mineral abbreviations using the Kretz 1983 updated list (Appendix A) 
Sample # 1 2 3 4 5 6 7 8 9 10 
Mineral Afs Afs Afs Afs Afs Ph Chl Ph Ph Ph 
SiO2 65.72 65.81 65.51 65.87 65.86 61.34 54.22 61.44 60.15 59.70 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 17.56 17.83 17.96 17.60 17.71 14.87 9.30 14.46 13.89 12.68 
FeO 0.68 0.89 0.91 1.01 0.68 4.36 8.42 4.46 5.87 7.06 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.56 0.52 0.69 0.53 0.59 2.81 7.23 3.50 4.27 5.91 
CaO 0.00 0.00 0.00 0.00 0.00 0.47 2.15 0.68 0.63 0.88 
Na2O 0.40 0.48 0.42 0.35 0.44 1.64 3.11 1.92 2.43 3.08 
K2O 15.08 14.48 14.51 14.64 14.72 10.50 3.56 9.54 8.74 6.69 




Table 10: Continued  
Sample # 11 12 13 14 15 16 17 18 21 22   25 
Mineral Ph Ph Ph Ph Chl Chl Chl Chl Ph Ph Gln 
SiO2 56.42 60.45 59.24 59.93 40.81 41.61 41.81 43.15 59.34 60.92 63.90 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 17.24 13.19 11.85 12.68 16.05 16.40 16.44 16.42 14.85 15.26 8.20 
FeO 6.98 6.77 9.55 6.53 16.01 15.00 14.87 13.16 8.36 5.53 9.66 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 5.73 5.12 5.37 5.82 10.61 10.12 9.87 9.93 2.00 2.33 7.82 
CaO 0.43 0.58 0.81 1.21 0.00 0.00 0.00 0.00 0.00 0.00 1.48 
Na2O 1.39 2.91 3.83 3.06 0.00 0.00 0.00 0.00 0.82 0.80 3.53 
K2O 7.80 6.98 5.34 6.77 4.52 4.88 5.01 5.34 10.64 11.17 1.41 
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
Table 10: Continued  
Sample # 26 27 31 32 33 34 35 36 37 38 39 40 
Mineral Gln Gln Chl Chl Chl Gln Gln Gln Gln Chl Chl Ph 
SiO2 69.37 65.46 41.39 51.86 44.64 46.70 65.12 58.40 53.12 43.72 43.19 48.32 
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Al2O3 7.50 7.88 15.54 10.49 13.42 16.63 8.87 11.67 12.49 16.07 15.63 17.12 
FeO 8.47 10.51 15.51 10.53 14.26 17.64 10.97 11.86 14.52 12.57 14.11 13.88 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 6.13 7.27 11.57 7.98 10.26 12.67 7.09 8.89 11.91 10.31 9.17 10.20 
CaO 0.45 0.71 0.29 0.69 0.63 0.00 0.60 0.86 0.87 0.00 0.00 0.00 
Na2O 2.53 3.01 0.00 4.53 1.78 1.20 3.89 4.11 3.44 0.00 0.53 0.69 
K2O 1.55 1.16 3.70 1.92 3.02 3.16 1.46 2.21 1.66 5.33 5.37 5.79 
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
